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Notice 

This is not an official policy utid standards document. The opinions, findings, and 
conclusions are those of the authors and not necessarily those of the Environmental 
Protection Agency. Every attempt har. beeti made to represent the present state of 
the art as well as subject areas still under evaluation. Any mention of products or 
organizations does not constitute endorsement by the United States Environmental 
Protection Agency. 



Availability of Copies of This Document 

This document is issued by the Manpower and Technical Information Branch, Con- 
trol Programs Development Division, Office of Air Quality Planning and Standards 
USEPA. It is for use in training courses presented by the EPA Air Pollution Training 
Institute and others receiving contractual or grant support from the Institute. 

Schools or governmental air pollution control agencies establishing training programs 
may receive single copies of this document, free of charge, from the Air Pollution 
Training Institute. USEPA, MD-20. Research Triangle Park. NC 27711. Others may 
obtain copies, for a fee, from the National Technical Information Servi^-e. 5825 Poa 
Royal Roud. Springfield, VA 22161. 
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The Air Pollution Training Institute (1) conducts training for personnel working on the develop- 
ment and improvement of state, and local governmental, and EPA air pollution control programs, 
as well as for personnel in industry and academic institutions; (2) provides consultation and other 
training a^5istance to governmental agencies, educational institutions, industrial organizations, and 
others engaged in air pollution training activities; and (3) promotes the development and improve- 
ynent of air pollution training programs in educational institutions and state, regional, and local 
governmental air pollution control agencies. Much of the program is now conducted by an on-site 
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One of the principal mechanisms utilized to meet the Institutes goals is the intensive short term 
technical training course. A full-time professional staff is responsible for the design, development, 
atid presentation of these courses. In addition the services of scientists, engineers, and specialists 
from other EPA programs governmental agencies, industries, and universities are used to augment 
and reinforce the Institute staff in the development and presentation of technical material. 

Individual course objectives and desired learning outcomes are delineated to meet specific program 
needs through training. Subject matter areas covered include air pollution source studies, atmos- 
pheric dispersion, and air quality management. These courses are piesented in the Institute s resi- 
dent classrooms and laboratories and at various field locations. 
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Preface 



This manual is to be used in conjunction with the lectures and laboratory 
presented in Course 450 of the Air Pollution Training Institute. A student 
workbook accompanies these materials. 

Portions of this manual may become obsolete as regulations and methods 
change. Since the field of air pollution measurement progresses rapidly, efforts 
should be made by the student to keep abreast of new developments by attending 
F.PA workshops and supplementing ihc material In this manual with information 
from the current literature. 
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Introduction to Source Sampling 



The Clean Air Act was enacted to protect the quality of the nation's air 
resources. It initiated research and development programs to monitor and control 
pollutants emitted to the atmosphere. Emissions from stationary sources are 
monitored under the statutes cC the act. 

Stationary source sampling is the experimental process for evaluating the 
characteristics of industrial waste gas stream emissions into the atmosphere. 
Materials emitted to the air from these sources can be solid, liquid, or gas; organic 
or inorganic. The effluent pollutants emitted to the atmosphere from a source may 
contain many different pollutant materials. The quantity and type of each pollu- 
tant must be known so a control strategy can be formed. The procedures outlined 
in the Code of Federal Regulations, Methods 1-5 for isokinetic stationary source 
sampling are a versatile system for evaluating these emissions. 

The isokinetic source sampling procedures written in the Code of Federal 
Regulations give the environmental and industrial engineer a great deal of data on 
the operation of an individual process. The sampling system measures a number of 
variables at the source while extracting from the gas stream a sample of known 
volume. The information on source parameters in conjunction with quantitative 
and qualitative laboratory analysis of the extracted sample makes possible calcula- 
tion of the total amount of pollutant material entering the atmosphere. These data 
are important for controlling pollutant emissions, evaluating source compliance 
with regulations or providing information upon which control regulations will be 
based. The industry performing source sampling gains information on the opera- 
tion of the process tested. The sampling of source emissions gives valuable process 
data, which can be used to evaluate process economics and operation control. Infor- 
mation gathered during a source test experiment may also be used for determining 
existing control device efficiency or for designing new process and emissions control 
equipment. 

Isokinetic source sampling provides a great deal of important data on the 
operating parameters and emissions of an industrial stationary source. This infor- 
mation is used as the basis for decisions on a variety of issues. The data taken dur- 
ing a source test experiment must, therefore, be a precise representation of the 
source emissions. This task requires a thorough knowledge of the recommended 
sampling procedures in conjunction with an understanding of proces.i operations. 
The typical industiial process may vaiy conditions at the source for a variety of 
economic or logistical reasons. The source sampling experiment must be designed 
to prevent process variation from biasing the source sample. The test engineer has 
the additional problems of carrying out an important experiment under extremely 
ditticult working tondiiions. These problems make source testing an endeavor that 
should be performeii only by trainetl personnel. 
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The Air Pollution Training Institute has assembled the materials contained in 
this manual to assist the engineer and technician involved in performing source test 
experiments. The manual presents the theoretical evolution of the isokinetic 
methods and practical step by-step descriptions of the application of these methods. 
The equipment used is diagrammed and operations are thoroughly explained. 
The Air Pollution Training Institute Course 450 laboratory, lectures, and 
c'assroom workbook -in conjunction with the materials contained in this 
mnnual represent a comprehensive training experience in source sampling with 
EPA Method 5 procedures. 



Chapter 1 



Basic Definitions 



SOURCE SAMPLING FOR PARTICULATE EMISSIONS: 

Source sampling methods are used to determine emission compliance with 
regulatory statutes. Source testing provides data on the pollutant emission rate. 
Test data are also used to evaluate best available control technology. 

ISOKINETIC SOURCE SAMPLING 

Webster's dictionary defines mo as denoting equality, similarity, uniformity. Kinetic 
IS uefmed as of. pertaining to. or due to motion. Isokinetic sampling is an equal or 
uniform sampling of particles and gases in motion within the stack. 

Isokinetic source sampling is achieved when the velocity of gas entering the 
sampling nozzle is exactly equal to the velocity of the approaching gas stream. This 
provides a uniform, unbiased sample of the pollutants being emitted by the source 
Isokinetic source sampling most closely evaluates and defines various parameters in 
the stack ais they actually exist at the time of sampling. 

MOISTURE CONTENT OF A STACK GAS 

The moisture content of a stack gas is the percentage of water vapor present 
ca culated on a volume basis. The moisture content of the stack is important in 
calculating the apparent molecular weight of the stack gas. which must be known 
for application of the ideal gas law. The ideal gas law defines the relationship 
between pressure, volume, temperature, and mass of a "perfect" gas. 

MOLE FRACTION OF A GAS 

At standard temperature and pressure (32°F and 29.92 in. Hg.) a mole of gas fills 
22.4 liters. The ratio of the number of moles of the component gas to the number 
of moles in the whole mixture is equal to the component's m^le fraction. The mole 
fraction of each constituent of a gas mixture must be known for calculation of the 
apparent molecular weight of the mixture. This is done on a volume basis. 

MOLECULAR WEIGHT OF A STACK GAS 

The molecular weight of a stack gas is equal to the sum of the mole fraction of 
each constituent multiplied by the molecular weight of that consiituent. 



ERIC 



\ 



(Eq.l-i) ^mix^^^x^x 

Mfnix=^ apparent molecular weight of stack gas mixture 
Mx =» molecular weight of individual constituent 
Bx - tnole fraction of constituent gas 

The apparent molecular weight of the stack gas is important tor application of the 
ic^al gas law. 



IDEAL GAS LAW 

The ideal gas law defines the relationships among pressure, volume, temperature, 
and mass of any gas. 

mRT 



(Eq,l-2) = 



where P = absolute pressure 

V- volume of a gas 
m = mass of a gas 
Af = molecular weight of a gas 

absolute temperature C^K or °R) 
R = universal gas constant (units 
consistent with others tised 
in the equation) 

ABSOLUTE TEMPERATURE * 

Temperature is a mass independent property related to the average kinetic energy 
in a system due to molecular motion. Heat is a mass dependent property of the 
system's total kinetic energy of molecular motion. The flow of heat m or out of a 
system is determined by measuring changes in the temperature of the system. 
Temperature is a factor in identifying the state of a gas system as defined by the 
ideal gas law. Absolute temperature measure is given in °Kelvin (°C + 273.16) or 
oRankine («»F + 459.67). 




ABSOLUTE PRESSURE 

Fluids are subject only to shear and compression stress. Pressure is compression 
stress expressed as the force applied per unit area. 

Absolute pressure is "absolute zero pressure." the sum of the atmospheric 
pressure and any gage pressure above or below atmospheric: 

(Eq.1-3) P=Pb^Pg 

where P = absolute pressure 

pu - barometric pressure (atmospheric) 
pa = gage pressure (pressure measured by a gage, 
higher or lower than atmospheric pressure) 
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PITOT TUBE 

T\w pilot tube Ik a simple device useil to measure the velocity ol a fluid flowing in 
an open channel. The complexity o| underlying fluid flow principles of pilot tube 
gas velocity measurement are not apparent in the simple operation of this device. It 
should, however, he considered and treated as a sophisticated instrument. 

The pitot tube actually measures the velocity pressure of a gas stream (Figure 
I I). Gas streamlines, approaching a round object placed in a duct, flow around 
the object except at point P ^ Here the gas stagnates, and the total pressure is 
found. The difference between this total pressure and the static pressure {p^) is the 
velocity pressure 




Figure 1-1. Gas stagnation against an object. 

The static pressure in a gas .stream is defined as the pressure that would be in- 
dicated by a pressure gage if it were moving along with the stream so as to be at 
rest or be relatively "static" with respect to the fluid. 




Figure 1-2. C)oni{K>ntnts oi total prcwuif. 



' Bernoulli s Equation relates pitot tube velocity pressure to gas velocuy in the 
equation: • 



(Eq.M) 




where ^ velocity of the stack gas 



Kp = dimensional constant 

Cp- pitot tube calibration coefficient 

7}- absolute temperature of the gas 

P^^ absolute pressure of stack gas 

Afj - apparent molecular weight of stack gas 



This equation is derived in the appendixes. 



DRY GAS METER CORRECTION FACTOR 



The term ''primary standard'* is a theoretical expression. It implies absolute 
measurement of a given variable. This is not possible in actual practice. We, 
therefore, "designate" standards of measurement. The spirometer is the designated 
standard for gas volume measurement. A volume measurement made by any device 
other than a spirometer should be corrected to correspond with spirometer 
readings. Volume readings made by the sampling train meter console dry gas meter 
are correlated to spirometer volume by a correction factor. This factor is 
determined empirically prior to using the meter in field work: 



The DGMCF is then applied to correct volumes measured by the dry gas meter: 
(£q*l-6) DGMVx DGMCF- volume corrected to spirometer reading 

ORIFICE METER 

The simplest and most familiar type of orifice meter is a circular hole in a thin flat 
plate held between flanges at a joint in a nipe (Figure 1-3). The plate is located 8 
diameters upstream and 2 diameters downstream of any flow disturbance, perpcn 
dicular to the pipe axis with the hole concentric to the pipe. 



(Eq.1.5) 



DGMCF^ 



SV 



DGMV 



where 



OGMCF"^ dry gas meter correction factor 
SV — spirometer volume 
DGMV-diy gas meter volume 
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Figure IrS. Simple orifice meter. 

The orifice creates a pressure differential between the two sides of the plate. This 
pressure differential is related to the flow rate of gas th^iugh the orifice device: 

(Eq.1-7) Cin = W:^V 



where Qm - volumetric gas flow rate 

Mi = pressure differential across the orifice 

Tffi = absolute gas temperature (°R or °K) 

Pjn=^ absolute pressure (barometric) inches Hg or mm Hg 

^m- P^^P^^^'^onality factor determined by empirical calibratioti 

All 

A term designated to describe the manometer setting (pressure differential across 
the orifice) of a calibrated orifice meter. During calibration of the orifice meter, 
AH defines a given flow rate through the meter. In field use, the nomograph is 
used to calculate a desired AH, which correlates flow through the meter to the 
velocity of gas entering the sampling nozzle. Gas velocity at the sampling nozzle is 
thus indirectly determined by flow rate. 



NOMOGRAPH 

The stack sampling nomograph is essentially a slicu -Iv. The nomograph .solves 
tne isokinetic equation for KFA Method 5 sampling train. The flow rate through 
the sampling train can then be adjusted to correspond to the stack gas velocity. 



A ilesignaU'd leim used to describe the orifice meter manometer setting that 
allow 0.75 cubic feet/minute of dry air at 68«F and 29.92 in. of Hg to flow 
through the meter. A condensed mathematical definition is given as: 

0.9244 

(Eq.1-8) 

where 0.9244 = a constant for conditions and units defined 

Kfn = orifice meter calibration factor (see orifice meter) 
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Nomenclature 



An sampling no?2ie cross-sectional area 

- stack cross sectional area 

a - mean |^article project^ed area 

^wm ^ percent moisture present in gas at meter 

' percent moisture present in stack gas 

Cp pitot tube calibration coefficient 

^p(stcl) standard pitot-static tube calibration coefficient 

^'s - particulate concentration in stack gas mass/volume 

^v\s particulate concentration on a wet basis mass/wet 
volume 

^si2 particulate concentration corrected to 12% CO2 

Cs^o ' particulate concentration corrected to 50% excess air 

t)E ' ■ equivalent diameter 

iivdraulic diameter 
t)n ' iTe sampling nozzie diameter 

E - emission rate mass/heat Btu input 

e base of natural logarithms (InlO = 2.302585) 

%EA - percent excess air 

Fc F factor using c^ and CO2 on wet or dry basis 

I'd F factor using c^ and O2 on a dry basis 

Fw F-factor using c^s and O2 on a wet basis 

Fq miscellaneous F factor for checking orsat data 

pressure drop across orifice meter for 0.75 CFM 

flow rate at standard conditions 

•^H pressure drop across orifice meter 

j equal area centroid 

Kp pitot tube equation dimensional constant 



Meirir Uiiiis^ 34,97 rn sec. 



] 



Knglish llniis ^ 8r>.19 fi. soc. 



g'g moU* (mmHg) 
L (°K)(mm H2O) 

1 '/2 

lb' lb-molc(in. Hg) 



(°R)(in. H2O) 



' ' ic 
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L - length of duct cross section ai sampling siie 

I* path length 

Li plume exit diameiei 

L2 stack diameter 

m mass 

Mj dry stack gas molecular weight 

wet stack gas molecular weight 
n " number of particles 

NRc Reynolds number 

0\ - plume opacity at exit 

O2 - in stack plume opacity 

Patm ^ atmospheric pressure 
?]y — barometric pressure (Pb = Patm) 

— absolute pressure at the meter 
pmr — Pollutant mass rate 
Pjj — absolute pressure in the stark 

Pstd ^ standard absolute pressure 

Metric Units = 760 mm Hg 

English Units =29.92 in. Hg 
Ap — gas velocity pressur^ 

^P(std) ~ standard velocity pressure read by the standard 
pitot tube 

^Ptest ^ velocity pressure read by the type *'S'' pitot 
tube 

q — particle extinction coefficient 

Qg — stack gas volumetric flow rate corrected to 

standard conditions 

(in. Hg)(ft.3) 

R - Gas law constant, 21.83 — ; TTT^ 

(lb-mdle)(^R) 

t - temperature (''Fahrenheit or ^Celsius) 

- absolute temperature at the meter 

Metric Units = + 273 = 

English Units = + 460 = ^R 
Tjj - absolute temperature of stack gas 

1 g^^j - standard absolute temperature 

Metric Units = ^20 + 273 = 293 '^K 

English Units = 68 ^F + 460 = 528 ^R 

- volume metered at actual conditions 

Vm 1 volume metered corrected to standard conditions 

"»sta 

v.p. water vapor pressure 

Vjj Slack gas velocity 

Volume H2O Metric units = 0.00134 m^/ml x ml H2O 
English units-0.0472 iL^^mlxml H2O 
W width ot the duct cross section at the sampling site 

0 lime in minuios 
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Subscripts 



a till 


Htmujinhi?rir 


avt' 


average 


b 


baroineLric 


a 




f 


final 


g 


gage 


i 


initial 


m 


at meter 


n 


at nozzle 


P 


of pitot tube 


s 


at stack 


SCF 


- standard cubic feet 


std 


standard conditions 


w 


wet basis 
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Chapter 2 

Basic Concepts of Gases 



EXPRESSION OF CAS TEMPERATURE 
The Fahrenheit and Celsius Scales 

The range of units on the Fahrenheit scale between freezing and boiling is 180; on 
the Celsius or Centi{|Tade scale, the range is 100. Therefore, each Celsius-degree is 
equal to 9/5 or 1.8 Fahrenheit-degree. The following relationships convert one 
scale to the other: 

(Eq.2-1) °f"= 1 8 °C + 32 

(Eq.2-2) °C=|^«F- 32;/ 1.8 

where °F = degrees Fahrenheit 

°C - degrees Celsius or degrees Centigrade 

Absolute Temperature 

Experiments with perfect gases have shown that, under constant pressure, for each 
change in Fahrenheit-degree below 32 °F the volume of gas changes 1/491.67. 
Similarly, for each Celsius degree, the volume changes 1/273.16 Therefore, if this 
change in volume per temperature-degree is constant, the volume of gas would, 
theoretically, become zero at 491.67 Fahrenheit de^ees below 32 or at a 
reading of -459.67 ^F. On the Celsius or Centigrade scale, this condition occurs at 
273 16 Celsius-degrees below 0°C, or at a temperature of -273.16®C. 

Absolute temperatures determined by using Fahrenheit units are expressed as 
degrees Rankine (°R); those determined by using Celsius units are expressed as 
degrees Kelvin (°K). The following relationships convert one scale to the other: 

(Eq.2-3) 459.67 
(Eq.2^) °/i:= ^C + 273.16 

The symbol T will be used in this outline to denote absolute temperature and t 
will be used to indicate Fahrenheit or Celsius degrees. 



EXPRESSION OF GAS PRESSURE 
Definition of Pressure 

A body may be subjected to three kinds of stress: shear, compression, and tension. 
Fluids are unable to withstand tensile stress; hence, they are subject to shear and 
compression only. 
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Unit compressive stress in a fluid is termed pressure and is expressed as force per 
unit area (e.g.. lb/in. 2 or psi, Newions/m^ or Pa). 

Pressure is equal in all directions at a point within a volume of fluid, and acts 
perpendicular to a surface. 



Barometric Pressure 

Barometric pressure and atmospheric pressure are synonymous. These pressures are 
measured with a barometer and are usually expressed as inches, or inillimeters, of 
mercury (Hg). Standard barometric pressure is the average atmospheric pressure at 
sea level, 45^ north latitude at 35 ^F. It is equivalent to a pressure of 14.696 
pounds-force per square inch exerted at the base of a column of mercury 29.92 
inches high. Weather and altitude are responsible for barometric pressure varia- 
tions* 



Gage Pressure 

Measurements of pressure by ordinary gages are indications of difference in 
pressure above, or below, that of the atmosphere surrounding the gage. Gage 
pressure, then, is ordinarily the pressure of the system. If greater than the pressure 
prevailing in the atmosphere, the gage pressure is expressed as a posirwe value; if 
smaller, the gage pressure is expressed as negative. The term, vicuum, designates a 
negative gage pressure. 

The abbreviation g is used to specify a gage pressure. For example, psig, means 
pounds-force per square inch gage pressure. 

Absolute Pressure 

Because gage pressure (which may be either positive or negative) is the pressure 
relative to the prevailing atmospheric pressure, the gage pressure, added 
algebraically to the prevailing atmospheric pressure (which is always positive), pro- 
vides a value that has a datum c f absolute zero pressure. A pressure calculated in 
this manner is called absolute pressure. The mathematical expression is: 

(Eq. 2-5) P^Pb+Pg 

where P - absolute pressure 

= barometric pressure (atmospheric) 
pg-gdge pressure 

The abbreviation, a, is sometimes used to indicate that the pressure is absolute. 
For example, psia, means pounds per square inch absolute pressure. The symbol P 
by itself, will also be used in this manual to indicate absolute pressure. 

The absolute pressure allows conversion of one pressure system to the other. 
Relationship of the pressure systems are shown graphically in Figure 21 using two 
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typical gage pressures. (I) and (2). Gage pressure ( 1 ) is above the zero from which 
gage pressures are measured, and. hence, is expressed as a positive value; gage 
pressure (2) is below the gage pressure zero. and. therefore, is expressed as a 
negative value. 



P(l) 



/ 


P,<1) 




Gage pressure zero 








Pg(2) 






J* atm 


"] 








>P(2) 








1 Absolute press?ire zero 



Figure 2-1. Gas-pressure relationship. 



Dahon's Law of Partial Pressure 

When gases, or vapors (having no chemical interaction), are present as a mixture 
in a given space, the prt »sure exerted by a component of the gas mixture at a given 
temperature is the same as it would exert if it filled the whole space alone. The 
pressure exerted by one component of a gas mixture is called its partial pressure. 
The total pressure of the gas mixture is the sum of the partial pressures. 



THE LAW OF IDEAL GASES 
The Laws of Boyle and Charles 

Boyle's Law states that, when the temperatu'-e (T) is held constant, the volume 
(V) of a given mass of a perfect gas of a given composition varies inversely as the 
absolute pressure, i.e.: 

Voc. — at constant T 
P 

where <x = proportional to 



ERIC 



Charles Law states that, when the volume is held constant, the absolute , 
pressure of a given mass of a perfect gas of a given composition varies directly as 
thf absolute temperature, i.e.: Pa?' at constant volume. 

\^ The Law of Ideal Gases 

Both Boyle's and Cha'"les' Law are satisfied in the following equation: 

mRT 



(Eq.2-6) PV = 



M 



where P= absolute pressure 

. V- volume of a gas 
m = mass of gas 
M = molecular weight of a gas 
T = absolute temperature 
R = universal gas constant 

The unit of R depends upon the units of measurement used in the equation. Some 
useful values are: 



(1) 1544 



(lb) (ft) 



(2) 21.83 



(3) 554.6 



(4) 82.06 



(lbmole)(''R) 
(in. Hg) (ft^) 



(lbmole)(''R) 

(mm Hg) (ft^) 
(lb-mole)(°R) 

(cm^) (atm) 



(gmmole)(°K) 

In the above units of R: 

y^ftl cm^for (4) 
m = tb, g for (4) 

M = lb/lb-mole, g/g mole for (4) 
7'^°/?, °K for (4) 
P = lb/ft2for (I) 

= in. Hgfor(2) 

= mm Hg Jar (3) 

= atm for (4) 

% 

Any value of R can be obtained by utilizing the fact, with appropriate conversion 
factors, that there arc 22.414 liters per gm-mole or 359 ft.^ per lb-mole at 32 
and 29.92 in. Hg. 
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CALCL LATION OF APPARENT MOLECULAR WEIGHT 
OF GAS MIXTURES 

Using Dalton s law of partial pressure and the ideal gas law. the following equation 
can be derived for calculating the apparent molecular weight of a gas, mixture: 

<«^<1- 2-7) M^i^ = LB^M^ 

where M^i^^ apparent molecular weight of a gas mixture 

Bx = proportion by volume of a gas component 
Mx - molecular weight of a gas component 

In all other equations (except where specifically noted), the symbol M will be used 
to denote the molecular weight of a pure gas or a gas mixture. 



GAS DENSITY 

Gas density can be determined by rearranging Equation 2-6 and letting density 

(Eq.2-8) D = ™- 

RT 

where q = density 

P- absolute pressure 
M = molecular weight 
T = absolute temperature 
R = universal gas constant 

A method of determining density at 7, (stack temperature) and (stack pressure) 
is to use the fact that there are 22.414 liters per gm-moie or 359 ft3 per lb-mole at 
32 °F and 29.92 in. Hg. and to use the ideal gis law correction. 



VISCOSITY 

Origin and Definition of Viscosity 

Viscosity is the result of two phenomena: (a) intermoiecular cohesive forces, and (b) 
momentum transfer between flowing strata caused by molecular agitation perpen- 
dicular to the direction of motion. Between adjacent strata of a moving fluid, a 
shearing stress (T) that is directly proportional to the velocity gradient occurs 
(Figure 2 2). 
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Figure 2-2. Shearing streu in a moving fluid. 



This is expressed in the equation: 
(Eq.2-9) 



dv 



where 



= dimensional constant 
T = unit shearing stress between adjacent layers of fluid 



— = velocity gradient 

dy 

H = proportionality constant (viscosity) 

The proportionality constant, »s called the coefficient of viscosity, or merely. 
\iscosity. It should be noted that the pressure does not appear in Equation 2-9 
which indicates that the shear (T) and the viscosity (^) are independent of pressure. 
(Viscosity actually increases very slightly with pressure but this variation is negligi- 
ble in most engineering problems.) 
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Kinematic Viscosity 

Kinematic viscosity is defined according to the following relationship: 



(Eq.2-10) v = ^ 



Q 



where i' = kinematic viscosity 

fi = viscosity of the gas 
Q - density of the gas 

Note the absence of dimensions of force. 
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Liquid Viicotity m 

In a liquid, transfer of momentum between strata having a relative velocity is small 
comparl!^d to the cohesive forces between molecules. Hence, shear stress is . 
predominantly the result of intermolecular cohesion. Because foices of cohesion 
decrease rapidly with an increase in temperature, the shear stress decreases with an 
increase in temperature. Equation 2-9 shows that shear stress is directly propor- 
tional to the viscosky. Therefore, liquid viscosity decreases when the temperature 
increases. 



Gas Viscosity 

In a gas, the molecules are too far apart for intermolecular cohesion to be effec- 
tive. Thus, shear stress is predominantly the result of an exchange of momentum 
between flowing strata caused by molecular activity. Because molecular activity in- 
creases as temperature increases, the shear stress increases with a rise in the 
temperature. Therefore, gas viscosity increases as the temperature rises. 

Determination of Viscosity of Gases 

The viscosity of a gas for prevailing conditions may be found accurately from the 
following formula: 



(£q.2-ll) 

where 



ti"" \273.2/ 



n 



lA = viscosity prevailing 
ti -viscosity at O^C and prevailing pressure 
T- absolute prevailing temperature (^K) 
n-an empirical exponent (n = 0.768 for air) 

The viscosity of air and other gases at various temperatures and at a pressure of 
I atmosphere may be found in engineering tables. 



SPECIFIC HEAT 

The specific heat of a gas is the amount of heat required to change the 
temperature of a unit-mass of gas one temperaf re-degree. Units of specific heat 
are, therefore. (Btu/lb) (°F) or (calories/gm)( °C) depending upon the dimensional 
system used. 

Heat may be added while the volumr or pressure of the gas remains constant. 
Hence, there may be two values of specific heat: (a) the specific heat at constant 
volume (C^). and (b) the specific heat at constant pressure (Cp). 

Because the heat energy added at constant pressure is used in raising the 
temperature and doing work against the pressure as expansion takes place. Cp is 
greater than C^,. 



Determination of Specific Heat for a Gai Mixture 

I'he specific heat for a mixture of gases may be calculated from: 

(Eq.2-12) Cp(mtx) - ^B^Cpf^) 

(Eq.2-18) Cy(mix) = EB^C^^fx; 

where Cp(mix) specif k heat at constant pressure for gas mixture 

Cy(mix)^ specific heat at cofistant volume for the gas mixture 
Bx = proportion by volume of a gas component 
Cp(x}^ ^P^^ifi^ /lea^ at constant pressure for a gas component 
Cyfx)- specific heat at constant volume for a gas component 

For ordinary temperature (for example, about 80 as experienced at the meter- 
ing device in atmospheric or source sampling work) the specific heats may be 
assumed to be constant. 



REYNOLDS NUMBER 
Definition 

A typical inertial force per unit volume of fluid is Qv/gcL] a typical viscous force 
per unit volume of fluid is iiv/gcL^, The first expression divided by the second pro- 
vides the dimensionless ratio known as Reynolds Number: 

(Eq.2-14) ^Re=^ 

where q = density of the Jluid (mass /volume) 

V- velocity of the fluid 
gc = dimensional constant 
L-a linear dimension 
IX - viscosity of the fluid 
Nji^- Reynolds Number 

The larger the Reynolds Number, the smaller is the effect of viscous forces; the 
smaller the Reynolds Number, the greater the effect of the viscous forces. 

The linear dimension, L. is a length characteristic of the flow system. It is equal 
to four limes the mean hydraulic radius, which is the cross-sectional area divided 
by the wetted perimeter. Thus for a circular pipe, L- diameter of the pipe; for a 
panicle st ttling in a fluid medium, L = diameter of the particle; for a rectangular 
duct L- twice the length times the width divided by the sum; and for an anulus 
such as a roiamrter system. L = outer diameter minus the inner diameter. 
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Laminar and Turbulent Flow 

In laminar How. iht* fluid is constrairu^d io motion in layers (or laminae) by the 
at lion i)i viHOsiiv. I he lav(M's of fluid move in parallel paths that remain distinct 
tiom one iU\otluM. anv agiiaiiiMi in of a moltTular nature only. Laminar flow occurs 



)1H 



I 



when Reynolds Number Tor circular pipes is less than 2000 and jfess than 0.1 for - 
particles settling in a fluid medium. [ 

In turbulent How, the fluid is not .restricted to parallej palhybut moves forward 
in a haphazard manner. Fully turbulent flow occurs when ITeynolds' Number is 
greater than 5J500 for circular pipes and greater than 1000 for settling particles. 




Figure 2-3. A tube of flow used in proving the equation of continuity. 
THF EQUATION OF CONTINUITY* 

In Figure 2-3 we have drawn a thin rube of flow. The velocity of the fluid inside, 
although parallel to the tube at any point, may have different magnitudes at dif- 
fer-nt points. Let the speed be vj for fluid particles at X and for fluid particles 
at K. Let Aj and A2 be the cross-sectional areas of the tubes perpendicular to the 
streamlines at the points X and Y, respectively. In the time interval At, a fluid ele- 
ment travels approximately the distance vAt. Then the mass of fluid Am crossing 
Aj in the time interval is approximately 

Am J = QjAjviAt 
or the mass flux Amj/At is approximately 

Am] 



Adapted fn.m I) H..lhdav and R. Rrsnak, Physus jor Siudenh of Sneru r and Enumeermp 
Comhined Kduion. Nrw York. J„hi, W.lcv nnd .Son.s, In,,. 1%:,. pp. rM ^l.i. Usni l,y permission 
of inc piibli.sh«T. ' 
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We must make dJ small enough so that in this time interval neither v nor A 
varies appreciably over the distance the fluid travels. In the limit as A/ - 0, we 
obtain the precise result 

dm J 

— - ^QjAjVj atX. , 
Now at Y the mass flux is correspondingly 

— = Q2A2V2^t Y. 

where q\ and Q2 are the fluid densities at X and Y respectively. Since no fluid can 
leave through the walls of the tube and there are no "sources" or "sinks" wherein 
fluid can be created or destroyed in the tube, the mass crossing each section of the 
tube per unit time must be the same. Hence, dmi/dt = dm2/dt. Then 

(Eq.2-15) Ql^^l^l = 92^2^2 

qAv- constant 

This result is called the equation o£ continuity of mass flow. It expresses the 
law of conservation of mass in fluid dynamics. 

If the fluid is incompressible, then Q2 = Q2 and the equation takes on the 
simpler form: 

(£q.2-16) Av = constant 

Aivj=^A2V2 



BERNOULLI'S EQUATION 

A fundamental equation of fluid dynamics is Bernoulli's Equation. It is essentially 
a statement of the work-energy theorem for fluid flow. 

Consider the nonviscous. steady, incompre.ssible flow of a fluid through the 
pipeline or tube of flow in Figure 2-4. The portion of pipe shown in the figure has 
a uniform cross section A j at the left. 
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Figure 2-4, A portion of fluid (crou-ahading and horizontal shading) moves 
through a section of pipeline from position (a) to position (b). 

It is horizontal at elevation yj above some reference level. It gradually widens and 
rises and then has v uniform cross section A2 (at the right of the figure). It is 
horizontal at elevation y2. Let us concentrate our attention on the portion of fluid 
represented by both cross-shading and horizontal shading and call this fluid the 
'system," Consider then the motion of the system from the position shown in (a) to 
that in (b). 

At all points in the narrow part of the pipe, the pressure is pj and the speed vj. 
At all points in the wide part the pressure is p2 and the speed 1/2- The left portion 
of the system (cross-shading, Figure 2-4a) advances a distance A/;, parallel to an ex- 
ternal force piAj supplied by the fluid to its left, so that the work done on the 
system is pjAiAlj. The right portion of the system (cross-shading, Figure 2-4b) ad- 
vances a distance AI2 against an oppositely directed force P2A2 supplied by the 
fluid beyond, so that the work done by the system is p2A2^h' Hence, to move the 
system from position (a) to position (b), a net amount of work must be done on the 
system by the pressures applied to it equal to pjA jAlj - P2A2AI2. 

^/Al) and A2AI2 are the volumes of the two cross shaded regions. These 
volumes are equal because the fluid is incompressible.. In fact, if we let m be the 
mas.s of either cross shaded region and take fluid density to he r then 
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(Eq.2-17) AiAli = A2Al2= — 

and 



(£q.2-18) ^Pl~ Pz^ "~ work done on system. 

If our pipe has a continuously variable cross section, this analysis can be made 
exact by considering the process in the limit as ^/;, AI2, and At shrink to zero at 
the points I and 2. The result is the same as before. 

If the flow is nonviscous, the n^t work done on the system by pressure must equal 
the net gain in mechanical energy. The horizontal shaded portion of the fluid does 
not change at al] in either kinetic or potential energy during the flow from (a) to 
(b). Only the cross-shaded portions contribute to changes in mechanical energy. In 
fact, l^mv2^ - ^/imvj^ = net change of kinetic energy, and nigy2 - mgyj = net 
change in gravitational potential energy, where m is the mass in either cross*shaded 
region, and^ is the gravitational constant. Hence, 

(£q.2-19) (Pi^Pz)" (Virnv2^ - Virnvi^) + (mgy2 - mgyj) 

or on rearranging terms, 

(Eq.2-20) . Pi + V2QVj^ + Qgyj=^p2 + Viqv^ + Qgy<i 

Since the subscripts 1 and 2 refer to any two locations along the pipeline, we can 
drop the subscripts and write 

(£q.2-21) p + V6 QV^ + Qgy = constant. 

Either Equation 2 20 or Equation 2-21 is called Bernoulli's Equation for steady, 
nonviscous. incompressible flow. It was first presented by Daniel Bernoulli 
(1700-1782) in his Hydrodynamica in 1738. 

Bernoulli's Equation is strictly applicable only to steady flow. The quantities in- 
volved must be evaluated along the same streamline; hence, the constant Equation 
2 21 is not the same for all streamlines. In our figure the streamline used is along 
the lower boundary of the tube of flow or pipeline. 

In the special case of fluid statics, Bernoulli's Equation still holds. If the fluid is 
at rest then vj - 0 - V2 and Equation 2-20 becomes 

(Eq,2-22) Pi + Qgyi=P2'-Q^y2 

Ihc prt'ssurr that would be prt'sent even if there were no flow is denoted as the 
static pressure; the term V2Qv^ is called the dynamic pressure. 
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Chapter 3 

The EPA Method 5 Sampling Train 



Specialized equipment is required f«r performing the experimental procedures 
outlined in Federal Reference Methods 5 and 8. This equipment may be either 
constructed by the source tester or purchased from a commercial vendor. It is more 
common today to find stack test consulting companies and agency test teams using 
the commerical apparatus. A list of vendors currently marketing such equipment 
may be found in the appendix. Construction details for the Method 5 sampling 
train may.be found in the EPA publication APTD 0581 available from the 
National Technical Information Service(NTIS). 

The purpose of this chapter is to provide the reader with some insight into the 
design and construction of source sampling apparatus. A proper evaluation of 
sampling equipment must consider both the equipment's ability to conform to 
Federal or State construction guidelines and its actual utility in the field. This 
discussion should assist the reader in purchasing the source sampling train or in the 
construction of such a system. 
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Figure 3-1. EPA Method 5 particulate sampling train 

1. Sampling nozzle 

2. Sampling probe sheith 

3. Heated sample probe liner. 

4. Cyclone assembly (proposed regulations do not require this cyclone) 

5. Out of stack filter assembly 

6. Heated filter compartment maintained 12()°C:±14°C (248°Fdb2i3^F) 
(or temperature specified in 40CFR subpart) 

7. Impmgev case 

8. First impinger filled with H2O (100 ml) 

9. Greenburg-Smith (or modified Greenburg Smith) impinger filled with H2O (100 n\\) 

10. Third impinger - dry 

11. Fourth impinger filled with H2O absorption media (200-300 gm) 

12. Impinger exit gas thermometer 

13. Check valve to prevent back pressure 

14. Umbilical cord - vacuum line 

15. Pressure gage 

16. Coarse adjustment valve 

17. Leak free piirnp 

18. By- pass valve 

19. Dry gas meter with inlet and outlet dry ga.s meter thermometer 

20. Orifice meter with manometer 

21. Fype S pitot tube with manometer 

22. Slack tempi'raiure sensor 
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THE SOURCE SAMPLING NOZZLE 

The source sampling nozzle must have a sharp outside edge (taper angle <3()°) 
and a button hook or elbow design. This profile creates the least amount of disturb- 
ance to the gas streamlines. Figure 3-2 illustrates the preferred sampling nozzle 
shape,- — ••- - - - ' - " 




t 



Figure 3-2. Preferred sampling nozzle shape (assembled with Type S pilot tube). 

» 

The nozzle interior diameter must be accurately calibrated following the procedure 
given in the calibration section of this manual. Manufacturer calibration is only a 
nominal approximation, and calibration of nozzle interior diameter should be 
checked with a micrometer before the nozzle is placed on the sampling probe at 
the test site. The sampling nozzle interior diameter must be round and uniform 
throughout its entire length. If the tip is out-of round it must be rounded, ground 
to a sharp edge, and recalibrated. If the nozzle has obvious flat places in its body it 
should be replaced with a nozzle of uniform diameter. The nozzle must properly 
align with pitot tube sensing orifices so that one line can be drawn through the 
central axis of the interior nozzle diameter opening and of the pitot orifice. The 
nozzle must not be too short or too long; if the central axis of the pitoi tube is not 
on the same line as the nozzle diameter, it must be parallel and not more than 
off-center (Figure 3-3). 



Sampling nozzle 



Figure S-3. Pitot tubc-nozzle sepa ration and alignment, 

A nozzle not meeting all these criteria does not comply with Federal Register 
specifications and can create sampling errors. Sampling nozzles constructed of 
stainless steel or quartz glass (for special applications) are required. 

THE PITOT TUBE 

The Stausscheibe or Type S pitot tube is most frequently used in conjunction with 
the Method 5 or Method 8 sampling train. The Type S pitot tube has several ad- 
vantages that makes it attractive for source sampling applications: 

•It is compact. It is easy to insert into a 3'' sampling port. 

•It retains calibration in abusive environments. 

•It has large sensing orifices. This minimizes the chance of plugging in heavy 

particulate concentrations. 
•It indicates a higher Ap reading than a standard pitot tube which is 
benefKial in low gas velocity situations. 
The Stausscheibe pitot is not a designated standard. It must be calibrated 
against a standard pitot static tube with a known calibration factor. Manufacturer 
calibration coefficcnts arc not sufficient. The lack of standard construction details 
And the high sensitivity to gas turbulence and orientation in the gas strram require 
that the Type S tube be calibrated in the coniiguration intended at the sampling 
site. . 

The construction of the Type S tube must be checked before calibration. 
Calipers art used to chtrk that the tubes are in line at the sensing orifice. The 
dimensions taken with the calipers must form a rortangle with parallel side's. If 
these dimensions show the A and B legs to be improperly aligned, the Typv S tub'" 



must be corrected. Small misalignment of tube axis (A or B) can cause sufficient 
gas turbulence to effect pitot tube calibration. The tube should be made of 
stainless steel or quartz (for high temperature applications). 

SAMPLING PRpBE—PITQ^ _ 

The pitot tube should be firmly attached to the sampling probe and properly 

oriented. The prohe-pitot assembly ntust be arranged in such a way that the pitot 

tube body will be oriented perpendicular to the stack wall when sampling. The 
sensing orifices will then be perpendicular to the flow of gas parallel to the stack. 
This orientation is necessary for precise, accurate gas velocity readings. A Type S 
pitot tube incorrectly oriented to the stack gas can cause significant errors in gas 
velocity readings (Figure 3-4). 




Figure S-4. Type S pilot probe orientation sensitivity data. 



The pitoi must be firmly attached to the probe .so it will not slip accidently into 
misalignment. 

The stainless steel probe sheath should be of 316 stainless steel or equivalent. The 
sheath should be al least 3 inches from the pitot tube sensing orifices, and any 
nozzle must be at least % inches from this orifice when attached to the probe 
(Figure 8 3). A small hole should be drilu d into the stainless sheath to equalize any 
pressure differential that might allow dilution air to be pulled into the sampling system. 
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The sheath is designed to protect the heated liner. Tolerances in the sheath 
should be such that probe liner heating element short circuits are not a problem 
during normal operation. The liner should be borosilicate glass for sampling stack 
gases below 700 Quartz glass may be used in the sheath for temperatures up to 
HOO^F. Stainless steel liners are subject to corrosion by hot. acidic stack gases. 
1 hey should be a last choice except for very difficult sampling applications or for 
sampling probes over 11 feet long. A liner heated by an easily-removed, reusable 
heating element can be replaced at minimum cost. The probe heater should be 
calibrated so that the outlet gas temperature at the filter is knov^n. 

The liner should be cleaned with a probe brush. A brush of non reactive nylon 
and stainless steel with strongly attached bristles is appropriate (bristles must not 
fall into the sample). It should be attached to a stainless steel or teflon tube that 
can be telescoped with additional sections. 

THE SAMPLING CASE 

A lightweight, easily adaptable sampling case is an asset during sampling ex- 
periments. A well designed sample case can be made from lightweight material and 
yet withstand source sampling abuses. The case should incorporate solid construe- 
tion and well-insulated electrical connections, and it should be usable in either ver- 
tical or horizontal positions. The filter compartment must have a calibrated ther- 
mostat. A positive locking system to prevent probe-pitot rotational or tilt misalign- 
ment in the stack is also necessary. The probe sheath should be able to be inserted 
in the sample case so that there is no accidental glass breakage. An example of the 
described system is illustrated in Figure 3-5. 



Heated filter 
compartment 

Umbilical vacuum 
connection 




Figure 3-5. Sampling case, 

A single point swivr^l sus[)cnsi()n system for ihe sample case is advaniageous in tight 
work area situations. 
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TRAVERS ■ SUPPORT SYSTEM 

A monorail support is versaiilf and lightweight. An inexpensive nioiioiail support 
system with a lubricated roller hook can be easily assembled, It may be usi'd at a 

variety of sampling sites for horizontal or vertical duct traverses. An ermire system 
can be cheaply assembled with some lengths of chain, double ended snaps, angle 
iron, and eye bolts. A simple platform constructed of plywood and 2 x 4's will be 
sufficient in many situatiotis where a monorail is not practical. 

SAMPLE CASE GLASSWARE 

nThere are several types of impingei filter sets available for source sampling trains. 
Sample case impingcrs and filter holders are generally made of Fyrcx glass, but 
special situations could call for the stainless steel or Lexan plastic equipment. Gla.ss 
has obvious advantages and should be used unless unusual situations arise. The 
glassware is available in standard ball joint fittings that are sealed with vacuum 
grease and clamped together or in a newer screw-joint sealed with a compressible 
teflon-rubber ring. The newer screw-joint fittings increase breakage: however, they 
are easier to clean, and grease contamination of the sample is never a problem- 



THE UMBILICAL CORD 

The vacuum sampling line, pitot tube lines, and electrical wiring are wrapped into 
an "umbilical cord" extending from the meter console to the sample case. These 
lines are encased in tape or shrink tubing to protect them and eliminate clutter at 
the sample site. The vacuum line should be of high-vacuum rubber tubing. The 
pitot lines are best constructed of heavy-ply tygon tubing. These materials make 
the umbilical cord heavier, but they arc not easily melted, burned, or cut. Sample 
cords made of polymeric materials can be easily damaged without notice and then 
begin to leak. The electrical wires should have thick insulation to prevent fraying 
in heavy use. They should be color coded and attached to an Amphenol connection 
for easy hookup to the sample case, 



THE METER CONSOLE 

t he meter console is the center of the sampling system. A packaged pump-dry gas 
meter-orifice system is easiest to handle, but there are many suitable variations in 
use. I he system must have a leak-free pump to draw an isokinetic sample. A fiber 
vane, oil lubricated pump, or diaphragm pump capable of creating an absolute 
})ies.sure of < ^ inches of Hg ( < 30 inches fig gage) is recommended. A fiber vane 
pump is more desirable than a diaphragm pump, becau.se ii doc\s not give " pulses" 
»)l ga.s that can create erroi.s in the operation oi ifie dty gas meter. 

I he pump should force gas into the dry gas meter inlet, not pull it through the 
meter outlet. The dry gas meter sliding vane seals are adversely affected when 
under vacuum, .so a vacuum gage shou'd he in the system to measure pressure diop 
across the sampling train. 
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The dry ^as meter must be accurate. The manufacturer supplies a nominal 
calibration curve with the meter which should be rechecked before using the meter. 
A dry gas meter correction factor developed by calibration against a spirometer or 
wet test meter is important for volume readmgs from the meter. The meter dial 
face should measure 0. 1 cubic feet of gas per revolution. This gives the most 
precise volume reading. 

. I'he differential pressure gage recommended in the Federal Register is an oil 
manometer. The manometer must be capable of measuring the velocity pressure to 
within 1.3 mm (0.05 in.) water column. The oil manometer is a secondary stan- 
dard and is very accurate. A Magnehelic gage may be used if it is calibrated before 
a lest series, then checked after each test series against an oil manometer. The 
Magnehelir gage must be calibrated and checked at three £ip readings representing 
the range encountered at the source. The Magnehelic gage and oil manometer 
must agree within 5 percent for the Magnehelic gage to be considered in proper 
calibration. 

The meter console or equivalent apparatus must be capable of monitoring and 
maintaining all the equipment temperatures in addition to measuring stack gas ' 
temperature. Bimetallic thermometers in the sample case for impinger gas exit 
temperature are acceptable if they are precise to within 1 ®C (2°F). The tempera- 
ture at the dry gas meter and at the filter compartment must be measured with a 
precision of (5.4 ®F). Some method of regulating the calibrated probe liner 
healer and filter heater must be incorporated into the temperature control system. 
The slack gas temperature meter must measure gas temperature to 1,5 percent of 
the minimum absolute stack gas temperature. A meter console using thermocouples 
for these operations must have the thermocouples calibrated regularly and checked 
before each use. 



THE NOMOGRAPH 

A number of nomographs are available commercially. The nomograph makes 
several assumptions in its calculations, but these assumptions may not always hold 
true for all sampling situations. The alignment and accuracy of nomograph func- 
tions should be checked using the procedures given in this manual. A pocket 
calculator can solve the isokinetic equation accurately and inexpensively. 



ALTERNATIVE METHODS AND EQUIPMENT 

There are a number of alternative methods for isokinetic sampling of stack gas par- 
ticulates. 1 he Japanese and West German methods have received attention in many 
t ountries. and the American Society of Mechanical Engineers has also developed 
iM)kinetic sampling t^^ethods. 1 hese alternative methods may be highly attractive 
tor some situations. This manual and the Federal Register reference methods 
recogni/e only the methods described herein. I he use of methods other than those 
described in the Federal Re/^ister requires special approval from the regional ad- 
ministration asstvssinj^ the effec ts that alternative methods may have on sampling 
lesull.s. 
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Chapter 4 

\ Calibration Procedures 



vSource sampling equipment must be properly calibrated before it is used in the 
field. Systematic errors will result throughout the testing procedure as a result of 
uncalibrated or improperly calibrated equipment. Without calibration, the stack 
tester cannot sample isokinetically in any of his source tests, and he cannot correct 
the mass emission rate data if the equipment is calibrated after the test. It is 
therefore crucial that the apparatus used for stack testing be carefully checked. A 
manufacturer's calibration value or guarantee should not be trusted. It is not un- 
common to find miscalibrated apparatus supplied by a vendor, and over extended 
use instrument calibration values can change. 

A careful experimentalist always double checks his apparatus. Weeks of work 
may otherwise be questioned or may need to )e redone. This section gives calibra- 
tion procedures and design specifications for equipment common^ used in the 
source test. The procedures should be followed after receipt of new equipment and 
should be repeated after periods of extended use. 

CALIBRATION OF THE SOURCE SAMPLING METER CONSOLE 

The gas meter and orifice meter of a sampling console may be calibrated during 
one procedure. The calibration described in this section may be performed using a 
standardized dry gas test meter or wet test meter. The samoling console must be 
thoroughly leak tested before calibration. 

Calibration Equipment 

1. Calibrated test meter 

a. Wet test meter (correction factor should be I.O for 
wet test meter) 

b. Standardized dry gas test meter 

2. Sampling meter console 

a. Dry gas meter 

b. Orifice meter 

3. Stopwatch 

4. Leak-free pump (fiber vane, preferably) 

5. Vacuum tubing 

6. Swagelock connections 

7. Leak test liquid 

Meter Console Leak Test 

The meter console pump, dry gas meter, and orifice meter must be leak tested 
before calibration. This leak test can be accomplished by individually testing each 
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piece of equipment or by leak tesiillg the entire assembly. The Federal Register 

suggests a procedure for leak testing the assembled pump, dry gas meter, and 
orifice configuration (Figure 4-1). The following procedure, however, does not 
apply to diaphragm pumps. 

Vacuum gauge 




Figure 4*1. Leak check for the Method 5 meter console. 

1. Plug the orifice meter outlet with a one-hok rubber 
stopper that has a rigid tube through the hole. 

2. Attach a length of rubber tubing (an inline toggle valve in 
the tubing would be helpful). 

3. Disconnect the static pressure side tubing of the orifice 
manometer and close off tho tube. Leave the static tap of 
the manometer open to a vent position. 

4. Completely open the bypass valve by turning it counter- 
clockwise to a lock position; close the coarse adjustment 
valve. ' 

5. Blow into the rubber tubing, plugging the orifice until the 
manometer shows a pressure differential greater than 6 in. H2O. 

6. Seal the tubing (close toggle valve). The manometer 
reading should remain stable at least 1 minute. 

7. If a leak occurs, completely disconnect the orifice 
manometer and seal the orifice meter. Pressurize the 
system using a small pump and find the leak with leak 
test solution. 

Meter corisoles with diaphrajafm pumps can be leak clu^cked by pulling an air 
sample through a wet test meter pump -dry gas meter setup. The leak rate should 
not exceed 0.0057 m^^ niin. (0.02 cim). 
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Meter Coniole Calibration 

The meter console calibration is accomplished with the equipment assemhleii as 
shown in Figure 4 2. 



By-pass valve 




Vacuum ^au^jt* 



Ndbo— 


Wei tost 




meter 



Orifice 
manometer 



Air-tight pump 



Figure 4-2. Meter console calibration assembly. 

The wet test meter should have a correction factor of 1. (A standardized dry gas"/ 
meter may also be used to calibrate the meter console.) The calibration of the 
meter console dry gas meter and orifice meter is accomplished by passing a known 
volume of dry air through the test meter at a number of different pressure differen 
tials on the orifice manometer. 

In the calibration procedure; 

1. Establish a pressure differential (AH) across the orifice 
meter with the pump and the coarse and fine adjustment 
valves. 

2. Accurately record the dial readings for the wet test meter 
and dry gas meter while simultaneously starting a 
stopwatch. 

3. Draw a predetermined volume of air (e.g. 5 cubic feet) 
through the test meter. Record all temperatures during 
the calibration run. 

4. Stop the pump when the predetermined volume has been 
reached on the wet test m.»er: simultaneously record the 
total elapsed time. 

r>. Make all calculations an the calibration form for this 
procedure (Figure 4 3). 
Note: The standard temperature given by AP I D Or)75 (7()°K) ha:, 
since been changed to 68°F. aUhough the publication itseli does noi 
reflect this chang<'. 
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METER CONSOLE CALIBRATION 
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CALIBRATION OF TEMPERATURE MEASUREMENT DEVICES 

The Method 5 source sampling system requires gas temperature measurements. at 
several locations. The temperature measurements are important for correcting 
stack gas parameters to standard c'ondition. Accurate measurement within the 
tolerance given in the Code of Federal Regulations is essential. Procedures are 
given here tor calibrating general types of temperature sensor devices. Manufac- 
turer recommendations for special temperature sensors should be carefully 
followed. 



Temperature Reference 

A commercially available mercury thermometer capable of + 1 ° sensitivity is suffi- 
cient for calibration purposes. The thermomi-ter should be immersible in ice water, 
boiling water, hot mineral oil, or a tube furnace. The thermometer scale should 
cover the range of anticipated source temperatures. 

Bimetallic Thermometer Calibration . \ 

Dial or bimetallic thermometers are used for temperature measurement in several 
train locations. Adjustable dial thermometers are calibrated by immersion in a 
water bath along with the mercury thermometer. Temperature readings should be 
taken at several points on the dial thermometer scale, and its reading should be set 
to correspond with the corrected mercury thermometer measurement (adjusted for 
elevation above sea level). Non-adjustable dial thermometers must agree with the 
corrected mercury thermometer temperature within 3°C (5.4°F), if used at the 
filler heater compartment, and within 1 °C (2°F) when used at other locations in 
the sampling train, 

It is unlikely that a dial or a bimetallic thermometer would be used to monitor 
in-stack gas temperature at most sources. If either is used for stack measurements, 
it must be calibrated to read stack temperature to within 1.5 percent of the 
minimum absolute stack gas temperature. 



Thermoc^ 

An electroinoti force is produced when two connected, dissimilar metal wires are 
subjected to temperature variations. The electromotive force (EMF) is fixed for a 
given combination of metals and is proportional to the temperature of the metal 
wires at the measurement junction. A c6\d or reference junction is maintained at 
the metering device. Potentiometers or millivoltmeters are commonly used to 
measure F.MI-. I he voltage signals are. today. usiiaJJy converted to read directly in 
degrees on either an analog or digital meter. 

I hernuKouple wires are necessarily thin to speed response time and increase 
FMF sensitivity. They must be thoroughly inspected on a routine basis. Any frayed 
or damaged wire should he replaced or repaired. Insulation must be complete, or 
wjres could short against nn'tal surfaces. The thermocouple junction should be 
either welded or silver soldered. 
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Thv thermocouple should be calibrated with the millivoltmeter that will be used 
in the field. The voltmeter should first be zeroed and calibrated according to the 
manufacturer s instructions. The following procedure should then be followed: 

1. Connect the meter to the thermocouple. 

2. Check the thermocouple reading with that of a mercury thermometer at 
several readings: 

a. boiling water 

b. ice point 

c. ambient air 

If the temperature at the stack is greater than that of boiling water, several 
calibration points across the anticipated temperature range should be made. This 
may be done by using hot mineral oil, tube furnace, or another apparatus that 
allows thermocouple and mercury thermometer comparison. The thermocouple 
should be thoroughly cleaned after it is calibrated in a material such as mineral 
oil. Do not immerse ceramic-coveved thermocouples in a liquid calibration 
medium: they absorb the liquid, and that can affect reading during calibration or 
in field use.. 

3. Record the data (Figure 4-4). 

4. Make the proper adjustments (if possible) on the voltmeter to read the 
proper temperatures. 

5. If the meter cannot be adjusted to reflect the proper temperatures, con- 
struct a calibration curve and include it in your field notebook. 
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Figure U4, Form for tcmjHrrature calibration. 
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CALIBRATION OF THE TYPE S (STAUSSCHEIBE) PITOT TUBE 

The Type S pitot tube has several^ advantages as a gas velocity pressure measure- 
ment instrument in particulate laden gas streams. Vhv I'ype S tube is compact. 
Separately or attached to a sapipling probe, the tube fits easily into a S inch 
diameter sampling port. The Type S pitot tube maintains calibration in abusive 
environments, and its large sensing orifices minimize plugging by particulates. The 
Type S pitot tube also gives a high manometer reading for a given gas velocity 
pressure, which is. helpful in stacks with low gas velocity. These features make the 
Type S pitot tube the most frequently used source sampling pitot tubew 

The Type S pitot tube construction details should be carefully checked before 
calibration. The tube should be made of stainless steel or quartz (for high 
temperature gas streams) with a tubing diameter (D^) between 0.48 and 0.95 cm 
(3/16"-3/8"). The distance from the base of each pitot tube leg to the plane of the 
orifice opening (P^,P^ should be equal (Figure 4-5). 



1 



Longitudinal, 
lubc axis 



e 



B 




Pa 



Pa = Pr 



1.05 Dt<P<1.50 Dt 



B-side plane 



Figure 4-5. Type S pitot tube leg alignment. 



P/t and Pg should be between 1.05 and 1,50 times the tubing diameter. Pitot tube 
orifice face openings should be properly aligned as shown in Figure 4-6. Misalign- 
ment of these openings can affect the pilot tube calibration coefficient and should 
be corrected before calibration. 
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Transveric tube axii 





Face openings 
planes •^i^ 
(a) 



Longitudinal 
lube axis^ 



A or B 



A-side plane 





A 







^ IlL 



B-side plane 
(b) 




(0 



Figure 4-6. Type S pilot tube orifice alignment. 



Calibration Equipment 

1. l ypc S pitot tube assembled in the configuration anticipated for 
sampling. Both legs A and B permanently identified. 
Inclined manometer with a sensitivity to 0.13 mm (0.005 in.) H2O. 
Standard Pitot Tube 

a. Standard pitot-staiic tube with NBS-traceable calibration 
coefficient. 

b. Standard pitot static tube constructed as shown m Figure 4-7. A 
pitot tube designed according to these criteria will have a baseline 
talibration (oefficient of 0.99 ±0.01. 



2, 
5. 
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Figure 4*7. Sundard Prandtl pitot lUtic tube. 

4. Calibration, Duct 

a. Minimum duct diameter cross section must be 30.5 cm (12 inches). 

b. Cross-section constant over a distance greater than 10 duct 
diameters. 

c. Entry ports arranged so that standard pitot and Type S ;>itot are 
reading gas pressure at the same point in the duct. 

d. Flow system capable of generating a gas velocity of approximat-^ly 
915 m/min. (3000 ft./min.). The gas flow must be constant with 
time for steady flow. There must be no cyclonic gas flow in the 
duct. 

e. If a multipoint calibration is performed, the duct gas velocity 
should be variable across the range of 180 to 1525 m/mm (600 to 
5000 ft./min.). 

5. Support system to assure that pitot alignment is level and parallel to the 
duct axis. 

6. Tubing and quick connection fittings. 

7. Barometer. 

Calibration Procedures 

The duct gas flow system should be established at a steady flow rate and should be 
checked to insure that there is no cyclonic gas flow. The pressure differential gage 
should be thoroughly checked for proper zero, level, fluid density, and volume, and 
it should be set up on an area free of vibration. The pitot tube lines should be 
arranged so that they may be easily and quickly switched from one pitot tube to 
another. Always leave manometer connections set and switch lines at the pitot 
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. Leak test the pilot lube^ and tubing by sealing the pitot tube im- 
pact opening and then establishing a positive pressure at the opening 
greater than 7.6 cm (3 in.). The manometer pressure should remain 
stabli* for at least 15 seconds. Repeat the procedure for the static: pres- 
sure side of the pitot tube, using negative pressure. Perform this check 
for all pitot tubes used in the calibration. 

. Using the standard pitot tube, measure the gas velocity pressure at the 
center of the calibration duct. Simultaneously, measure gas tempera- 
iu:e. The sensing orifice must be parallel to the duct axis and perpendicular 
to the gas flow (Figure 4-8). 




Figure 4-8. Pilot tube position in duct. 



The standard pitot tube entry port should be sealed around the tube, 
with no sealing material protruding into the duct, and the Type S pilot 
tube port should be sealed. 

Record all data (Figure 4-10), and then disco:inect the standard pitoi 
tube from the differential pressure gage, remove the tube from the 
duct, and seal the port. 

Assemble the Type S pitot tube and accessories to minimize aero- 
dynamic interferences (Figure 4-9). 
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D| Type S pitoi tube 



" X S: 1.90 cm {^A in.) for D„s 1.3 cm (V2 in.) 
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Sample 
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I 




Y^7.62 cm. (3 in.) 
< >^ 



Thermocouple 



ZE 



3C 



Z;>5.08 cm 

' (2 in.) 
^ 



Type S pitot tube 



Sample 
probe 




Figure 4-9. Configurations for minimum interference. 



A very large sampling assembly can disturb the gas flow in small ducts. 
If the area of the assembled probe-pitot tube is greater than 2 per- 
cent of the duct cross sectional area, the assembly should be calibrated 
in a larger test section, or the Cp should be corrtxted tor blockage 
(svv H) (;/'7^ 60.46. paragraphs a-f). 
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5. Connect the Type S pitot tube to the differential pressure gage and 
insert the lube assembly into the duct. The Type S pitot tube must 
measure the gas velocity pressure at the same point in the duct as the 
standard pitot tube, and the pitot leg A must be properly aligned to the 
gas flow (Figure 4-8). Seal around the Type S pitot tube, then record all 
data (Figure 4 10). 

6. Repeal the preceding steps until three readings have been made for leg 
A. Calibrate leg B in the same way. Calculate the pilot tube coefficient 
by ihe equation 



^■Pstd 



w^*''"^* Cp(s) = Type 5 pitot tube coefficient 

Cp(std)^s^<^^dard pitot tube coefficient 
^Pstd^^*^^ocity head measured by the standard 

pitot tube, cm H2O (in. H2O) 
^Ps - velocity head measured by the Type S 
pitot tube, cm H2O (in. H2O). 

The deviation of each Cpf^) from the average (Cp) is calculated by Cpf^j - Cp (igg ^ 
or B)- Average deviation from the mean for leg A or B is calculated by the equation 



3 

1 ' P(^) p(AoTB)\ 

a = A 

3 

a must be ^ 0.01 for the test to be acceptable. I C^^,,,, ^ _ Cp,,,^, must also be 
< 0.01 It the average of Cp^,,^, and Cp^,,^, is to be used. 
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BAROMETER CALIBRATION 

I hf lield baromt'UT should be calibrated against a laboratory mtT( ury barometer 
before each field use. If the field barometer can not be adjusted u) read within 5.1 
mm (0.2 in.) Hg of the laboratory barometer, it should be repaired or replaced. 
I he field barometer should be well protected during travel. 



CALIBRATION OF A STANDARDIZED DRY GAS METER 

Reference volume meters are expensive for the average source sampling laboratory. 
An inexpensive dry gas test meter calibrated against a reference volume meter is 
accurate and convenient. This standardized test meter may then be used to 
calibrate sampling console dry gas meters. 



Calibration Equipment 

1. Spiiumeter. 

2. Dry gas test meter (0.1 cubic ft. /meter revolution). This must be a test 
meter to assure sufficient accuracy. 

3. Oil manometer (0-2 inches H2O). 

4. Leak-free pump (lubricated fiber vane pump with appropriate oil traps 
or diaphragm pump with gas pulse compensating baffle). 

f). Needle valve. 

6. Three-way valve. 

7. Two dial thermometers capa'o;e of reading gas temperature ± 2°F. 
Calibration Procedures 

Possible equipment configurations for dry gas meter calibration are shown as 
Figure 4 11. 




Dry gai test meter 




Outlet thermometer 



Rockwell dial face 
#83 O.l. ft3/Rev 



Dry gas test meter 



Figure 4-11. Dfy gas mtter calibration configurations. 



1 he outer must be calibrated at several flow rates corresponding to pressure dif- 
tereniials (idi) of O.l. 0.5, 1.0. and 1.5 inches of water. The 1.5 A// may be 
achieved by weighting the spirometer bell or using the pump; the other A// j can 
be established without the pump. The pump could increase the gas temperature 
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from the spirometer to (inc dry gas meter. If it does, gas volume must be corrected 
for a temperature increase. Calibration of the meter v^ithout a pump in the system 
eliminates the need for temperature corrections. 

1 . The calibration system should be assembled and thoroughly tested for 
leaks at S:2 in H2O. All leaks should be eliminated. 

2. Level the spirometer and fill it v^ith air. Allow the bell several minutes 
to stabilize. 

3. Completely open the spirometer outlet valve and establish a 0.1 

in. H2O manometer reading into the dry gas meter using the gas flow 
needle valve. Close the spirometer outlet valve. 

4. Read the spirometer meter stick settings. Read the dry gas meter dial 
value. 

5. Open the spirometer outlet valve, check manometer reading and allow 
0.5 cubic feet of air to tlow to the dry gas meter (5 revolutions of 

0.1 ft. ^/revolution dry gas meter dial). 

6. Slop the air flow. Record the dry gas meter and spirometer settings on 
the calibration form (Figure 4-12). Repeat the procedure foi; the other 
AH values. Calculate and average the dry gas meter correction factors, 
If the factor is outside the tolerance 1 ±0.02, adjust the dry gas meter 
internal sliding vanes and recalibrate. 

If a pump is used in the calibration apparatus, it could heat the gas entering the 
dry gas meter. This possibility requires that the dry gas meter volume be corrected 
to conditions in the spirometer by the equation ^ 

(Eq.4-3) 

^m(corr) 



When a pump is used, a three way valve is employed to establish the flow rate 
through the dry gas meter, using atmospheric air. The valve is switched to the 
spirometer, and the dry gas meter is read. 

CALIBRATION OF THE SOURCE SAMPLING NOMOGRAPH 

*\ 

A number of nomographs are available commercially. These instruments arc used 
to solve graphically the sampling nozzle sizing equation 
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STANDARDIZED DRY GAS METflR CALIBRATION 



Name. 



Ambiciu l emperaturt* 

Dry Gas Test Meter No. 

Spirometci Oisplacerneru Factor 



Date, 



Barometric Pressure 



Correction Factor (DGMCF) 



Manometer 



0.1 in. H2O 



0.5 in. H2O 



Spirometer 
Volume (Vjpir) 



Dry Gai Meter 

Volume (V^) 



FinaL 
Initial 



Displacement 



Volume (Vgpir). 



l.O in. H2O 



'1.5 in. H2O 



spir- 



I \ 

D 

V 

^spir- 



F 
I 



D 
V 



spir- 



Final. 



Initial 



Volume {V,„). 
1\ 



' m 



m 



m 



m 



m 



m 



m 



^ Dry Gai Meter 
Correction Factor 



Spirometer Volume *(V5^ij.) 

displacement (cm) x displacement factor (liters cm) ^ Vjjpjj. liters 

Dry Gas Meter Correction Factor (DGMCF) 

• ^spir 
—~~ = DGMCF 
^m 

Average Dry Gas Test Meier Correction Factor Tolerance SV / DV = i t 0.02 



Average 
DGMCF 



•0.03431 cubic feet liter 
(liiersM.0S4Sl ft. 3- liter) = ft.^ 



Figure 4-12. Form for standardized drv gas meter calibration. 
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= nozzle diameter (in.) 
Qjfn = volumetric flow rate through meter (ft^) 
Pfn -absolute pressure at meter (in. Hg) . 
Ps = absolute pressure at stack (in. Hg) 
Tffi = absolute temperature at meter (°R) 
T^ = absolute temperature at stack (°R) 
^p- pitot tube calibration coefficient 
B^^s = water vapor in stack gas, volume fraction 

= molecular weight of stack gas, wet basis 
(Ib/tb-mole) 

= average velocity head of stack gas (in. H2O) 

and the isokinetic rate equation 



(Eq.4-5) A^/ = 



846,72 M1@ d - B^J^ 



Ms Ts Pm 



Ap 



Today, programmable calculators are often being used to solve these equations. 
Also, a number of plastic slide rules are currently available. These are 

somewhat more accurate and more convenient to use than tKe traditional source 
sampling nomograph. 

If .a nomograph is used, it should be thoroughly checked for scale accuracy and 
alignment. Nomograph calibration forms (Figure 4-13) help in making these 
checks.. The traditional source sampling nomograph assumes that the Type S pitot 
tube has a Cp of .85. For Cp values different from .85. the C-factor obtained on 
the nomograph must be adjusted by the method given in Form A (Figure 4-12). 

The traditional source sampling nomograph also assumes that the molecular 
weight of the stack gas is 29.1 Ib/lb-mole. For molecular weights appreciably dif- 
ferent from this value, the C factor of the nomograph should be further adjusted 
by the method given in Form B. 

Traditional source sampling nomographs are usually made by fixing a decal on a 
plastic board. Unfortunately, the scales printed on the decal frequently become 
mi.saligned when the decal is applied to the board. Form C gives a procedure which 
one can use to check the nomograph alignment. The calibration form gives the 
values used to check the alignments. The check is accomplished by positioning the 
marker line through the AH and A/> points given, and then tightening the pivot 
point. The AH reading for each Ap value given is then r^. If any AH readings 
are offscale or differ by more than 3% of the proper values, the scale is mis- 
aligned. Nomographs which indicate such misalignment should be returned to the 
manufacturer and replaced. 
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SOURCE SAMPLING NOMOGRAPH CALIBRATION DATA 



Form A. Correct the C-Factor obtained in normal operation of the nomograph (or Cp^O.85 by: 

(Pilot Tube Cp)2 



C-Factor (Adjusted) = (C-Factor Nomograph) 



(0.85)2 



Nomopfiraph 
ID. No. 


Nomoj^raph 
OFactor 


Piror Cp 


(Cp)2 
(0.85)2 


Adjusted 
C-Factor 

































Form B. Correct the Nomof^raph C-Factor for # 29 Ib/lb-molc 



C-Factor (Adjusted) - (C-Factor Nomograph) 



1-B^5 + 18 B^j/Mj 



Nomogt diph 
ID. No. 


Nomograph 
C-Factor 


Stack Gas Dry Molecular 
Weight (Mj) 


Adjusted 
C-Factor 



























Form C. Scale Alignment (Check all Nomographs) 



Step 1 



Step 2 



Step $ 





Set marker 

on and 
tighten pivot 


'Set one end 
of marker 
on 


AH 
should 
read 


Nomograph 
ID. No. . 


Nomograph 
in Mo 


actual AH reading 


actual AH reading 


Ali^nmrm 
Irst 1 


^Ms O.l 
Ap s 0 OOl 


i&psO.Ol 


1.0 






i&pzO.l 


10. 0 






I eh I '1 


» 10 0 
Ap a 10 0 




l.,p" 








.1 






Ali^nmrni 
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Form D gives a procedure for checking the accuracy of the nomograph. Here the 
true values obtained by using the equations given above are compared to the values 
obtained by the nomograph manipulations. Calculated and nomograph values 
should not differ by more than 5%. Nomographs showing greater error should be 
returned to the manufacturer and replaced. 

CALIBRATION OF THE PROBE NOZZLE DIAMETER 

The probe nozzle should be made of 316 stainless steel or quartz with a sharp, 
tapered leading edge. A taper angle of S 30" on the outside of the sampling noz- 
zle will preserve a constant internal diameter. The nozzle should be a button hook 
or elbow design so that the nozzle opening is below the pitot tube sensing orifice. 
This is necessary for isokinetic sampling. Alternate construction materials or nozzle 
shapes must be approved by the administrator. 

The sampling nozzle must be calibrated before use in a source experiment. 
Calibration should be done in the laboratory and checked just prior to use in tht 
♦"'eld. Inside/outside calipers are used to measure the' interior nozzle diameter to 
the nearest 0.025 mm (0.001 in.). 

The calipers are inserted as close to the edge of the nozzle opening as possible; 
readings are then taken on three separate diameters and recorded. Each reading , 
must agfee within 0.1 mm (0.004 in.), or the nozzle must be reshaped. Any nozzle 
that has been nicked, dented, or corroded must be reshaped and recalibrated. All 
calibrated nozzles should be permanently identified. 
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Chapter 5 

% 

The Source Test 



A source sampling experiment provides data on source emissions parameters. Th:^ 
isokinetic source test extracts a representative gas sample from a gas stream. 
Although often used only to determine compliance with emissions regulations, the 
test data can also provide information useful in evaluating control equipment effi- 
ciency or design, process economics, or process control effectiveness. Valid source 
sampling experiments, therefore, yield valuable information to both the industrial 
and environmental engineer. 

The source test is an original scientific experiment and should be organized and"^ 
executed with the same care taken in performing any analytical experiment. This 
requires that objectives be decided before starting the experiment and that the pro- 
cedures and equipment be designed to aid in reaching those objectives. The quan- 
titative or qualitative analysis of the source sample should be incorporated as an in- 
tegral part of the source test. After all work is done, the results should be evaluated 
to determine whether objectWes have been accomplished. This section contains flow 
charts and descriptions to assiH in the design, planning, and performance of the 
source test described. 



Source T^t Objectives 

The essential first step in all experiments is the statement of objectives. The source 
test measures a variety of stack gas variables which are used in evaluating several 
charac^wiistics of the emissions source. The source experiment should be developed 
with techniques and equipment specifically designed to give complete, valid data 
relating to these objectives. Approaching the experiment in this manner increases 
the possibilities of a representative sampling of the source parameters to be 
evaluated. 



Experiment Design 

A well designed experiment incorporates sampling equipment, techniques, and 
analysis into an integrated procedure to meet test objectives. The source sampling 
experiment must be based on a sampling technique that can collect the data re- 
quired. The sampling equipment is then designed to facilitate the sampling pro- 
cedure. The analysis of the sample taken must be an integral factor in the 
sampling techniques and equipment design. This approach of achieving test objec- 
tives provides the best possible st>urce test program. 

Designing a source test experiment requires a knowledge of sampling procedures 
ami industrial processes, a thoroughly researched sampling experiment, and a good 
basic understandin^i^ of the proce.ss operation to be tested. This knowledge assists in 
determining the types of pollutants emitted and test procedures and analysis that 
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will achieve valid, reliable test results. A literature search of the sampling problem 
can yield information that may help improve test results or make testing much 
easier. 



Final Test Protocol 

7'he fmal test protocol clearly defines all aspeas of the test program, and incor- 
porates the work done in rc^arch, experiment design, and the presurvey. All 
aspects of this tesi. froln objectives through analysis of the sample and results of the 
sampling, should be organized into a uniiied program. This program/is then ex- 
plained to industrial or regulatory personnel involved. The protocol for the entire 
.test procedure shoul4 be understood and agreed upon prior to the start of the test. 
A well organized test protocol saves time and prevents confusion as the work 
progretMS. 



' ' Tot Equiy ic at FM|»aimtkHU 

The test equipment mutt be assembled and checked in advance; it should be 
calibrated following procedures recommended in the Code of Federal Regulations 
and this manual. The entire sampling system should be assembled as intended for 
use during rh? sampling experiment. This avssures proper operation of all the com* 
ponents and j^^inrs out p<^ible problems that may need special attention during 
the test. This procedure will assist in making preparations and planning for spare 
parts. The equipment should then bf? carefully packed for shipment to the 
sampling site. 

The proper preparation of sampling train reagents is an important part of get- 
ting ready for the sampling experiment. The Method 5 sampling train requires well 
identified, precut, glass mat filters that have been desiccated to a constant weight. 
These tare weights must be recorded to ensure against errors. Each filter should be 
inspected for pinholes that could allow particles to pass through. The acetone (or 
other reagent) used to clean sampling equipment must be a low residue, high 
purity solvent stored in glass containers. Silica gel desiccant should be dried at 250^ 
to SOO^F for 2 hours, then stored in air-tight containers; be sure the indicator has 
not decomposed (turned black). It is a good procedure, and relatively inexpensive, 
to use glass distilled, dionized water in the impingers. Any other needed reagents 
should be carefully prepared. AH pertinent data on the reagents, tare weights, and 
volumes should be recorded and filed in the laboratory with duplicates for the 
sampling team leader. 



Testing at the Source 

The first strp in ptTton^iing the source te.st is establishing coiTiiimnication among 
ail parties involvt^l in t(*si program. Tlu* .sourct* sampling tt\st team should 
i^oliiv the plant and It\^ulal()Iy agency of thrii ai rival. All aspects of tlu* [>lant 
*»[uMatio!\ and .sampling (wpcMiuuMU .shoulci hc^ rtAiewed aiui understood l)v those* 
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involved. The proper plant operating parameters and sampling experiment pro- ^ 
cedures should be recorded in a test log for future reference. The sampling team is 
then ready to proceed to the sampling site. 

The flow diagram outlines the procedures for performing the stack test. The 
items given are for a basic Method 5 particulate sample. Each item is explained in 
various sections of this manual. The laboratory training sessions given in Course 
450 help to organize the Method 5 test system. 

The How diagram should be of assistance to those having completed the 450 
course curriculum and can also serve as a useful guide to anyone performing a 
stack test. 



MV.THODS FOR SETTING THE ISOKINETIC FLOW RATE 
IN THE METHOD 5 SAMPLING TRAIN 

The commercially available nomograph is often used for the solution of the 
isokiiietic rate equation. These nomographs have based the solution of the 
isokinetic equation upon the assumptions that the pitot tube coefficient will be 
0.85, the stack ^as dry molecular weight will be 29.0 Ib/lb-mole and will only vary 
with a change in stack gas moisture content in addition to relying on the use of a 
drying tube in the train. The nomograph also assumes that changes in other equa- 
tion variables will be insignificant. Many purchasers are unaware of these assump- 
tions or n*anufacturer construction errors and use the device without calibrating it 
or verifying its accuracy. Procedures are presented here to ascertain the precision of 
nomograph construction and its accuracy. The basic equations employed in con- 
structing a nomograph are given and a calibration form is provided (See Calibra- 
tion chapter, page 4-17). 

The derivation of the isokinetic rate equation is given in Appendix C. The equa- 
tion is: 

846.72 Dn"^ AW@ Cp^ a ^ B^s)^ -j ^^ ^^ -J ^ 

where Cp = pitot tube coefficient 

D^- nozzle diameter (in.) 

AH - pressure difference of orifice meter (in. H2O) 
AH@ = orifice meter coefficient, AH for 0, 73 cfm at 
STP^0.9244/K^2 jf^Q) 

M^- apparent stack gas molecular weight 

^Md(l-B^)^18B^ (Ib/lb-mole) 

M^ -dry gas molecular weight (29) for dry air 
(Ib/lbmole) 

^ P^- absolute stack pressure (in. Hg) 

Pffi - meter absolute pressure (in. Hg) 
Ap = pressure difference of pitot tube (in. H2O) 
Tf^i ^ absolute meter temperature - = + 460^ 

isokinetic AH = KAp 



K- Reduced terms in the isokinetic equation. 



Fi^re 5-1. Planning «nd performing a lUck teat* 



EACH STACK TEST 
SHOULD BE CONSIOEftED 
AN ORIGINAL SCIENTIFIC 
EXPERIMENT 



CALIBRATE EQUIPMENT 
•DGM 

^Determine comoJe AH® 
•Soitirt 

*Th«rinoiBftcn and 
ihermocouplei 
•PfYMure Rages 
•Omt 

*Pi(o( lube ind probe 
•Nomogniphj 



ARRIVAL AT SITK 

•NcMify plini and 

rrxtiUlory Agency 

perwnitel 
•Review te«l plan wtlh all 

concerned 

K^heck weather fore<-aili 
*(4>nfirm prorni opr.ation 
parameter* in control room 



DETERMINE NECESSITY OF A SOURCE T^^T 
•Dwide om <Utt rtqaircd 
•DeicraiUiv ihtt aoiirce tm will give thia dtu 
•Analyw com 



STATE SOURCE TEST OBJECTIVES 
•PfOCCM cTtliutloa 
•PrvctM teifB dUla 
•Rfgniitory cciplUw 



DESIGN EXPERIMENT 

•Ocfclop MnpUBf approtch 
•Selm equlpveat lo mm uai objcctUca 
•Select aMlytical wmihod 
•Evaluate povible emn or biaaca and correct 
lampUsf approach 

•Determine ■aaapowcr needed for lett, 
•Determioc time required for tcM with margin for 
breahdowas 

•Thorouffaljr evaluate entire experiment 
with regard to^applicable Suce and Federal 
guideliaet 



PRE-SURVEY SAMPLING SITE 

•Loate hoteli and' rcauuraata in area 
•Contact plant penoaael 

•Inform plant Mraonocl of tetdng objective* and 
rcquirementa for completion 
•Note ihlft chaagm 

•Determine acccmibility ol sampliag site 
•Evaluate mfcty 

•DctcraUae port locationa and application to 
Method! I and t (12/2S/7I Federal Register) 

^Locate electrical power supply to tile 

•Lmcc f cm oo m t aikl food at plant 

•Drawingi, photographa, or hluepriau of aampling lite 

•Evaluate applicability of mmpUng approach from 
experiattat deriga 

•Note aa^ apocial equipment aeeded 
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FINALIZE TEST PLANS 

•Incorpora prenirvey into experiment design 
•Submit experiment deiign for ap- 

groval by Induitry aad Itegulatory Agency 
tt teat dates and duration 



PREPARKTtiUIPMENT FOR TEST 

•Aieemblc and confirm operation 
•Prepare for ihippiag 
•Include ipare part* and rmcrve equipment 
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CONFIRM TRAVEL AND SAMPLE TEAM ACCOM* 
MODATIONS AT SITE 



CONFIRM TEST DATE AND PROCESS OPERATION 
•Final itep before travel arriving at itte 
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SAMPLING FOR PARTICULATE EMISSIONS 

*Carry eauipment to umpling lite 
•Locate electrical connection! 
•AMemble equipment 



PRELIMINART GAS VELOCITY TRAVERSE 

•Attach thermocouple or thermometer to pitot 
probe ataembly 

•Calculate sample poinu from guidelines outlined in 

Method 1 and 2 of Federal Register 
•Mark pitot probe 
•Traverse duct for vrlotitv profile 
•Record .^p*t and temperature 
•Record duct static preuurr 
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RESEARCH LITERATURE 

•Basic procev operation 
•Type of pollutaat emitted 

from process 
•Physical sute at source 

cooditloBS 

•Probable poiau of emittloa 
from process 
•Read sampliag reporu 
from other processes 
sampled) 
1. Problems to expect 
t> Estimates of Tariabim 

a. HgO vapor 

b. Temperature at 
source 

•Study aaalytical pro- 
' ccdursa used for 
promsing test samples 



PREPARE FILTERS AND 
REAGENTS 

•Mark filters with insoluble 
ink 

•Desiccate tu conitrnt 
weight 

•Record weighu In per* 
manent laboratory file 
♦G^y file for on site record 
■Measure deionited diuilled 
* HjO for impingen 
•Weigh lilies gel 
•Clean sample storage 
containers 



DETERMINE APPROX- 
IMATE MOLECULAR 
WEIGHT OF STACK GAS 
USING FYRITE AND 
NOMOGRAPHS 



APPROXIMATE HoO 
VAPOR CX)NTENT^or 
STACK GAS 
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RrCORD ALL IN FORM A- 
HON ON DA l A SHKETS 

•Sample cue number 
•Meier ronioie number 
•Probe len^ih 
•Raroiiwiric prewure 
•NoKlc diameter 
•C factor 
•AHumcd IIqO 
•Team iuper\iior 
•Obaerveri prcieoi 
•Train leak test rate 
•General commenli 
•Initial PCM dial rcadtngi 



i 



USi: NOMOGRAPH OR CALCULATOR 10 Sllh. 
NO/2LK AND DF/rFRMINK C FACTOR 

•Adjust (or molecular weight and pitol tube C^ 
•Set K pivot point on nomograph " 



LEAK TEST COMPLETELY ASSEMBLED 
SAMPLING TRAIN ©15" Hg VACUUM AND 
MAXIMUM LEAK RATE OF 0.02 CFM 



NOTIFY ALL CONCERNED THAT TEST IS ABOUT 
rO START 



, ■ 

ICONFIRM PROCESS OPERATING PARAMETERS 



TAKE INTEGRATED 
SAMPLK OF S LACK GAS 
FOR ORSA T ANALYSIS (OR 
PERFORM MULTIPLE 
FYRITE READINGS 
ACROSS DUCT) 

I 



ANALYZE STACK GAS FOR 
CONSTITUENT GASES 

•Determine molecular 
weiKhi 

•COg and Og 
concrniratiun for F«factor 
calculations 



E 



START SOURCE TEST 

•Record start time * military base 
•Record gai velocity 

•Determine desired from nomoj^raph 
•Stan pump and let orifice meter 
differential manometer to desired SH 
•Record 

L Sample point 

2. Time from sero 

9. DGM dial reading 

A, Desired 

hr Actual 

6. All temperature) DGM, stack, sample case 
•Maintain isokinetic M at all times 
•Repeat for all poinu on traverse 



MON^R PROCESS R^-^ 

TAK^AT^RIAL 

.SAMPLES IF NECFSSARY 



TAKE CONTROL ROOM 
DATA 



PREPARE OTHER TRAIN:> 
FOR REMAINING 
SAMPLING 



AT CONCLUSION OF TEST RECORD 
•Stop time - 24 hour clock 
•Final DGM 

•Any pertinent obacrvations on sample 



LEAK TEST SAMPLE TRAIN 

•Test at highest vacuum (in. Hg) achieved during test 

•Leak rate should not exceed 0.02 CFM 

•Note location of any leak if posaible 



y 


REPEAT PRECEDING STEPS FOR THREE 
PARTICULATE SAMPLES 


REPACit EQUIPMENT 
AFTER SAMPLING IS 
COMPLETED 






SAMPLE CLEAN-UP AND RECOVERY 

•Clean umples in laboratory or other clean area 
removed from site and protected from the outdoors 
•Note sample condition 

•Store samples in duality assurance conuiners 
•Mark and label all samples 

•Pack carefully for ihipping if analysis is not done on 
lite 
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ANALYZE SAMPLES 

•Follow Federal Register or State guidelines 
•Document procedures and any variations employed 
•Prepare analytical Report Data 



CALCULATE 

•Moisture content of stack gas 
•Molecular weight of gai 
•Volumes sampled at standard conditions 
•Concentration/standard volume 
•Cionirol device efficiency 
•Volumetric flow rate of stack gas 
•Calculate pollutant masa rate 



WRITE REPORT 

• Prepare as poMible legal document 

•Summarize results 

•Illustrate calculations 

•Give calculated resulu 

•Include all raw data (process 9 kcm) 

•Attach descriptions of testing and analvtical mcthcKlii 

•Signaiurn of analytical and test personnel 



SF.Nl) REPORT WITHIN MAXIMUM HMt 
IP lNrKRF:srED PARTIES 
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Figure 5-2. Source tcii ouiline. 
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C.AIJBRATE EQUIPMENI 

•OrUkc meter 
•Meter console 
• Pilot luhei 
•Nomograph 



KSTlMATt a>^ 
rONCINTRATlON USING 
KYRITE 



PREPAAE TO TAKE 
IN rEGHATED SAMPLE Of 
KLUECA.S DURING EN- 
TIRE DURATION OF TEST 



ANALYZE USING ORSAT 



ASSEMBLE SAMPLING TRAIN 



I 



LEAK TEST 

•Pitei linct 

•Meier coomIc 

•Sampllnf iraio 0 15" Hg. 



•Mari dry and dniccaie 
fil^n to coniuot weight 

•Awemble in filien im teal 
until rcadf to uk 



CALCULATE SAMPLE POINT USING METHOD 1 



E 



DO PRELIMINARY TEMPERATUlA: AND 



VELOCITY TRAVERSE 



ESTIMATE' HsO IN DUCT 
USING WET BULB-.DRY 
BULB 



SET UP NOMOGRAPH OR CALCULATOR 
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FILL OUT DATA SHEET 

•Duct •DGM Reading 
•Time •Teic time at each point 
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MONITOR BOILER 
OPERATION 



MONITOR AT EACH TEST POINT 

•DGM— 4>n time 
•Ap 

•Appropriate AH 
•Stack temperature 
•Sample caac temperature 
•Impinger temperature 



RECiORD FUEL FEFP 
RATE AND FkODUCTION 
RATE 



STOP TEST AND RECORD 

•Final DCM 
•Stop lime 

•Note* on tampling and appearance of tample 
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LEAK TEST AT HIGHEST VACUUM REACHED 
DURING TEST 
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SAMPLE CLEAN UP 

•Probe k noixle "HgO 
•Filter •Silica Gel 
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CIAIX.ULATE 

• Moijiure cunteni of gai 
•Molecular weight of gas (dry k wet) 
•Average gas velocity 

•% iMkinctic 

• Pollutant masa rate 
(concentraiiun and ratio of areas) 



WRITE REPORT 
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The Method 5 sampling train is intended to operate at a sampling rate of 
0.75 cfm of dry air at 68°F and 29.92 in. Hg. The orifice meter pressure differen 
tial that would produce such a sampling rate through the orifice is designated 

An additional equation is necessary in order to estimate the nozzle diameter that 
will give a flow rate of 0.75 cfm at a reasonable pressure drop across the orifice 

meter. j 

(Eq.5.2) 1 /0 0358 Q^P^ IJm, 

w^it^"'*' = nozzle diameter (in.) 

= volumetric flow rate through meter (ft^) 

P,n = absolute pressure at meter (in. Hg) 

P^- absolute pressure at slack (in. Hg) 

Tffi = absolute lerr ' 'irature at meter (°R) 

I's-ahsolute temperature at stack (°R) 

Cp = pitot tube calibration coefficient 

tinj^ = water vapor in stack gas, volume fraction 

A'/j= molecular weight of stack gas, wet b'lsis 
(lb /lb mole) 

'^p^ average velocity head of slack gas (in. H2O) 

Once is calculated, the source tester should select the nozzle in his tool box 
which has a value closest to that calculated. The actual nozzle used shoi-ld be 
checked with calipers, and that value of D„ is then substituted in Equation 5-1. 

Most of the variables in this equation and the isokinetic AH equation are known 
prior to sampling or can be closely estimated. Often the solution to the equation 
can be partially calculated before the sampling with the few remaining variables 
inserted and the equation quickly solved on site. The calculation of isokinetic AH 
using the derived equations allows the sampler to more quickly and easily adjust 
the sampling rate for changes in tl^ stack gas variables. 

SAMPLING METER CONSOLE OPERATION 

The sampling meter console must be calibrated and thoroughly leak tested follow- 
ing the procedure given in the calibration chapter, page 4-1. Meter console 
operating procedures will differ somewhat according to manufacturer. The pro- 
cedures discussed here will aid in operating most types of consoles. The objective is 
to understand console operating procedures for isokinetic source sampling. 



Sampling Train Leak Tests 

C:ompletely assemble the sampling train as intended for use during the te.st. Turn 
(m probe and filter heating systems and allow them to reach operating 
temperatures. Disconnect the umbilical cord vacuum line and turn on the meter 
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console pump. This allows the pump to lubricate itself and to warm up (this is 
especially important in cold weather). Leak test the pitot tubes and lines during 
this warm up. 

The pitot tube impact pressure leg is leak tested by applying a positive pressure. 
Blow into the impact opening until > 7.6 cm (3 inches) 1^0 is indicated by the 
differential pressure gage. Seal the impact opening. The pressure should be stable 
for at least 15 seconds. The static pressure leg of the pitot tube is leak tested in a 
similar way by drawing a negative pressure 2t 7.6 cm IH^O. Correct any leaks. 

The sampling train is leak tested when it has reachec' operating temperature. 
Turn off the console pump; connect the umbilical vacuum line. With the coarse 
control value completely off. turn the fine adjustment (bypass) valve completely 
counterclockwise. Plug the nozzle inlet and turn on the console pump. Slowly turn 
the coarse adjustment valve fully open. Gradually turn the fine adjustment vah^r: 
clockwise until 380 mm (15 inches) Hg vacuum appears on the vacuum gage. If 
this vacuum is exceeded, do not turn the fine adjustment valve back 
counterclockwise; proceed with the leak test at the vacuum indicated or slowly 
release the nozzle plug and restart the leak test. At the desired vacuum observe the 
dry gas meter pointer. Using a stopwatch, time the leak rate for at least 60 
seconds. The maximum allowable leak is 0.00057 m^/min. (0.02 cfm). Having 
detemiined the leak rate, slowly release the nozzle plug to bleed air into the train; 
when the vacuum falls below 130 mm(5 inches) Hg» turn the coarse adjustment 
valve completely off. If the leak test is unacceptable, trace all sections of the 
sampling train from the filter holder inlet back, (i.e., leak test from the filter inlet, 
then the first impinger, etc.) unn! the leak is found. Correct the leak and retest. 
Leak test at the highest vacuui^ reached during the test after the completing the 
sampling procedure. Testing for leaks should also be Jone any time the train is 
serviced (i.e.. filter holder change). Record all dry gas meter readings and leak 
rates for each leak test. 

Train Operation 

When the leak tests are completed, the sampling console should be prepared for 
sampling. The sampling console differential pressure gages for the pitot tubes and 
orifice meter should be checked. Zero and level the gages as required. If the con 
sole does not use oil manometers, the gages must agree with an oil manometer 
within 5 percent for at least 3 Ap readings taken in the stack. This check should be 
done before testing. Oil manometers should be periodically leveled and re-zeroed 
during the test if they are used in the console. 

The consolt operator should then determine the source variables used in solving 
the isokinetic rate equation. The isokinetic AH may be determined by using a 
nomograph an electronic calcu ator. or a source sampling slide rule. The variables 
that need to be determined are: stack gas moisture content, average gas velocity 
pressure (Ap), stack gas temperature, and estimated average console dry gas meter 
teni{)erature. The stack gas moisture* c an he (l(*t(Tmined by Reference Mc*thocl 4 
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. sampling oi estimated with a wet bulb dry bulb thermometer technique. The 
average and slack gas temperature are determined by a preliminary stack 
traverse. I he dry gas meter average temperature can be estimated to be 10°C 
(25<'-3()°F) greater than the ambient temperature at the site. These values are 
then used in the nomograph or calculator to find the isokinetic AH. 

The operator can now set up the sampling data sheet. Record the dry gas meter 
initial reading. Position sampling train at the first sampling point; read the pitot 
tube A/> and calculate the corresponding AH. Record starting time of the test. > 
Turn on the console pump and open the coarse sampling valve while > 
simultaneously starting a stopwatch. Adjust AH to the proper value using the fine 
adjustment valve. Check temperatures and record all data ou the data sheet. 

The sampling train should be moved to the next sampling point about 
15 seconds before the time at point one is over. This allows the pitot tube reading 
to stabilize. The dry gas meter volume at the point sampled is read when the stop- 
watch shows the point sample time is over. The operator should quickly read the 
Ap and calculate AH for the next point, then set the proper sampling rate. Record 
all data and proceed as described for all points on the traverse. At the end of the 
test, close the coarse valve, stop the pump, and record the stop time. Record the 
final dry gas meter reading. Remove the sampling train from the stack and test the 
system for leaks. Record the leak rate. After the 'rain has cooled off, proceed to 
the cleanup area. 

SAMPLING CASE PREPARA ION 

Inspect and clean the source sampling glassware case before a sampling experi- 
ment; remove and clean the sample case glassware. Check the case for needed 
repairs and calibrate the filter heater. Store the case completely assembled. 

Glassware 

All glassware including the filter holder and frit should be disassembled and 
cleaned. Separate the individual glass pieces and check for breaks or cracks. Pieces 
needing repair are cleaned after repairs have been made. A thorough glass clean- 
ing for simple particulate testing is done with soap and water followed by a 
distilled watei rinse. If analytical work is to be performed on the sample water 
condensed, clean the glassware by soaking in a methanol-basic hydroxide (NaOH or 
KOH) solution with pH>9. Glass should be left in the base solution until any stains 
can be easily washed away, but not any longer than 48 hours as the solution can 
etch the gla.ss. The base should be rinsed away with several portions of distilled 
water. If ball-joint glassware is used, remove vacuum grease before cleaning with 
heptane, hexane. or other suitable solvent. Clean the glass frit by pulling .several 
aliquots of HNO3 through the glass frit with a vacuum pump. It should be rinsed 
at least three times with double volumes of distilled water and dried before using. 
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Thv rubber gaskrt surrounding thr trit shouki bv cleaned, removing any particles 
imbedded in tbe rubber, which could prevent proper sealing. The trit and gasket 
must be constructt^d such that the glass filter mat does not become compressed in 
the sealing area. It this is not the case, or the rubber is in poor condition, discard 
tlie frit. ' 

The Si;aiple Cast: 

The sample case should be checked thoroughly for needed repairs. All handles, 
brackets, clamps and electiical connections must be inspected, Insulation in both 
the hot and cold areas must be in good condition. The sample case should not leak 
water from the melting ice into the filter heating compartment. The impinger sec 
tion should have protective foam padding on the bottom and a good-Urainage 
.system. The drain plug should be clean. 

Cal'^ vte the heater in the filter compartment to maintain a temperature around 
the f M20°± 14°C (248°± 25°F)or at other temperatures as specified in the 

subparts of Title 40 of the Code of Federal Regulations. This calibration should be 
pel formed at several conditions (to account for seasonal weather changes) so that 
the filter compartment temperature can be maintained at the proper level at all 
times. Often during sampling the filter section is not easy to see. consequently, the 
filter temperature is difficult to monitor accurately. If the case is calibrated for 
several conditions, operators can maintain proper temperature control more closely. 

Sampling Preparations 

The sample case is readied for sampling by filling the impingers with water and 
silica gel. Impingers 1 and 2 are each filled with 100 ml of water by inserting a 
funnel in the side arm and slowly pouring in the water. This makes it easy to 
displace in the impinger and keeps the water from filling che bubble'* rube. The 
third impinger is left dry. The fourth impinger is filled with 200-300 g:r of pre- 
weighed silica gel. The silica gel must be added through the side arm. 'I'his 
prevents dust from collecting on greased ball joints or siKca gel from being pulled 
up the center tube and out of the impinger. After loading the impingers, securely 
fasten the I' joints. Attach the probe to the sampling case and secure the filter 
holder in position. Allow the filter compartment and probe to reach operating 
temperature. Leak t(*st the assembled train from the probe nozzle by pulling 
1^80 mm Hg (If) in. Hg) vacuum on the system. Ihe maximum allowable leak rate 
Ls 0.00057 m^ mill (0.02 ( fm). After the leak irst. fill the impinger section with 
ue and allow time for all teinperaturt*s to stabilize. 

SAMPLING PROBi: PREPARATION 

I hr sampling probe sliould be thoroughly in.sp(u KhI before ticUi um\ Remove the 
i;Li>.^ prob(* lioer bv loosening the union di ihv end of the prolx*. C^(>m[)let. U 
(tisas.scrnbU' the })iohf union ttnd scdl t^askel. and ins[)(*(l dll (lu individual a^m 
[)oiU'nis 



Probe Sheath an^ Pitot Tubes ^ 

The stainless steel probe sheath should have a small hole drilled near the end of 
the probe. This prevents a pressure differential inside the sheath from possibly 
diluting the sample with air drawn down the probe. If the hole is not there, the 
probe er.d (fitted into the sample case) should be sealed aii light. Check the weld 
at the swage fittings for cracks and repair if necessary. Inspect the pitot tubes for 
damage and proper coqstructiuji details (see pitot tube calibration section). Pitot 
tubes should be cleaned, checked for .cracks or breaks, and securely fastened to the 
probe sheath to prevent accidental mu^aUgnment in the stack. All pitot tubes and 
components must be leak tested. 

Kxamine the union and seal gasket for wear. A stainless steel ring should be in- 
cluded in tlie union-gasket configuration for good compression and an air tiglu 
seal. If a rubber o-ring gasket is used (stack temperatures < 350°F) it should be 
inspected for wear and replaced if necoisary. Asbestos string ga ikets must be : > 
replaced each time the union-gasket is disassembled. After inspecting the glass 
liner-heating element, reassemble the probe in the following mariner to prevent 
leaks: , - 

1. Insert glass liner through probe and swage nut: 

2. Place stainless steel ring over glass with flat side facing out; 
. .^,3. Fit gasket over glass liner and push onto steel ringr 

4. Align glass liner end with edge of swage nut closest to pitot tube orifice 
openings; 

5. Screw the union on finger tight; 

6. Use probe wrenches to tighten the union. If too much tightening is done 
here, the end of the fcrlass liner will break. 

Glass Liner-Heating Element 

The glass liner should be thoroughly cleaned with a probe brush, acetone, and 
distilled H2O. If it will not come clean in this manner, it should be cleaned with 
dilute HCl or replaced. 1 he glass liner-heating element in many sampling probes 
can not be separated, making thorough cleaning difficult. An easily separated 
liner-heater is a great advantage. 

I he heating elen jnt should be checked for good electrical insulation; the insula- 
tion on a frequentiv used probe liner heating element will eventually be worn or 
buriu*cl awav. This can expose frayed wires, which may short against the probe 
slieath. Thee ha/ards can he avoided with careful inspections and repair. After 
thorough iiis[)ecti()iK check the heating element in the reassembled probe. This 
procedure is helpful in finding problems before arrival at the sampling site. Atlen- 
tiiJii should he given to the function of the electrical system and wrappings around 
the glass liner; thi\se wraps help prevent electrical shortb against the probe sheath 
while ininimi/ini^ glass liner flexing that ^ an cause* a liner break or electrical short. 



1 1 



Summary 

A thorough probe check before a sampling experiment helps prevent field 
problems. Disassemble the probe and inspect all components. Make certain con- 
struction details and integrity are coirect. Clean the glass liner thoroughly. Check 
the heating element electrical connections. Test the reassembled probe for leaks 
and proper heating. 

CLEANING AND ANALYTICAL PROCEDURES 
FOR THE METHOD 5 SAMPLING TRAIN 

1 he clean up and analysis of the sample taken with the Method 5 Sampling Train 
is an integral part of the entire experiment. The precise operation of Method 5 
Sampling equipment must be complemented by a careful clean-up of the train 
components. Analysis of the sample using approved procedures and good 
laboratory technique provides accurate laboratory data. Good testing at the stack 
must be followed by accurate analysis in the laboratory so that valid data may be 
presented. 

Cleaning the Sampling Train 

Vhv sequence of procedures in cleaning the sampling train is best presented in an 
outline flowchart form. Each step is presented with appropriate comments. 

Additional Comments 

The flowchart (Figure 5-3) gives the general procedure for sample clean-up. Many 
factors can affect the accuracy of the final sample obtained. Care and experience 
are very important when cleaning the sample train. A number of helpful tips are 
given below: 

1. Always perform clean-up procedures in a clean, quiet area. The best 
area is a laboratory. 

2. Make a probe holder for the probe cleaning procedure or be sure two 
people perform the procedure: this prevents spills and accidents. 
Clean all equipment in an area where an accidental spill may be 
recovered without contaminating the original sample. 

a. Open and clean the filter holder over clean glassine or waxed 

{)aper so that a spill can be recovered. 
1). Clean prt)be into a container sitting on the same type of glassine 

[)aper. 

4. (Mean the probe equipment thoroughly: 

a. Brush probe a minimum of ihvvc tinu*s. 

I). \'isuaiiv ins{)(*ct the probe* interior. 

( . R<*( <)r({ iq){)('ai anre and conlidtMu c ot ( Icaiiliiuvss. 

(1. R('j)(\u blushing until (leaning is ((unplcMc 

r. {\i)\\i\dvi\i c > !)!)^\' . ( ;hc( k with taicd ( oKon swah hi ushtMi through 




Figure 5-.^. Cleaning ihe sample (rain. 



Inting compiricd 



Prrform final Irak chrck on iamplin|{ train 
wUh vacuum ^ vacuum. Leak rair muii 
be s 0.02 cfm. 



, : 



hupcct Mtnpir and rrtord uhtervaiioni 



Impiiiger ivairr color 
and lurbiditjr 



^Uirr appearance 



Appearance of probe 
ana ail other guMware 



Allow hoi probe 
lo cool iufiicienily 



j: 



Dttaiaemble tamplinK irain (log all information in ten log) 



Cap nuiile lo prevent 
pariicuUte loii. 

1. Clean noiile eiirrior 
firu. 

2. Re lure cap will not 
melt to nozile. 

S. Be lure particulate 
will not ttick to cap 



Separate 

probe and filter 



Remove impinger H^O j 



, L 



Cap 

probe 
end 



Clean probe exterior 



Blow out 
ptiot tube* 



Disauemble 
filter 



Cap filler 
inlet and 
outlet 

1 



Take volume then iiore 1 
in marked container j 



Store iliica gel 
in the iatht tomainer 
it wai originally 
weighed in 



Additional analytii 
optional 



Waih exceta 
dust off probe 
sheath and 
noxile 



I 



Weigh to nearest 0.5 gm 



Organic •Inorganic 
extraction 



Filter mat placed in 
clean, tared 
weighing dish 



Carefullv remove noizle 
and probe end caps 

. „.L 

Iki not allow parti- 
culate to be loat 



Clau components are 
scrubbed thoroughly with 
acetone waihingi added 
to tared probe wash beaker 



Desiccate 24 hr«. over 
16 mesh calcium 
sulfate or other 
anhydrous desiccant 



Clean probe with no/rle 
in place using acetone 
and brush attached to 
ttainlesa steel or teflon 
handle 



1 



Weigh and record 



Desiccate 6 hrs. 



Brush entire length of 
probe with a .tone ? 1 
tim s into m.rked 
container or clean, 
tared beaker 



J 



Weigh and record. 
Continue to constant weight- 
weights differ s 0.5 mg 



Remove noitle and inspect it 
and probe liner 

~i 



Clean probe liner again until no 
*ign of particulates can br sren in the 
acetonr or on the f^laiu 



Clean nozzlr by rinsing with acetone 
1 Brunh interior from blunt back side onh. 
2. Never force brush into sharp nozzle end; 
bristles will be cut contaminating sample. 



I 



Ail waihingi jfilter Klawwarr included) 
added to clean, marked, tared beakrr 



Kva^Mirate arrtune at umm temperature 
and prr«ure 



Ik^ircau and wrigh to (onitaui wrij^ht 
44 With filter 



I 



5. Clean filter equipment thoroughry. 

a. Brush all glassware until clean. 

b. Check yith tared cotton swab. 

c. Remove all filter mats adhering to rubber seal ring. This is 
extremely important for accurate particulate weighing. 

d. Do not scrape glass frit into .sample. 

6. The laboratory scale accuracy and sensitivity should be checked before 
each analysis using standard weights-,\^ctual weight and scale reading 
should agree to ± 0.5 mg. 

7. Careful labeling of all train components, tared beakers, and sample 
containers avoids problems and confusion. ■ 

8. Permanently marked weighing glassware with permanent record of their 
new. clean, reference tare weight allows a check of cleanliness when 
tared just prior to use. This can also be helpful in checking any 
weighing discrepancies in the analysis (re-tare reference periodically). 

9. Acetone is the solvent recommended for cleaning; however, water 
washing may be suggested by the type of pollutant sampled and should 
be added to the procedure if indicated. - 

10. Adding heat to the evaporation of solvent could evaporate volatile 
materials and give erroneous data. 

1 1 . The laboratory must have: 

a. An analytical balance with minimum precision to 0.5 mg, 

b. Large desiccating container that is air tight. 

12. Use only American Chemical Society Reagent grade organic solvent. 

13. Use deionized, glass-distilled H2O. 

14. Evaporate a control blank of 100 ml of each solvent used in any part of 
the analysis in tared beaker at room termperature and pressure. 

15. Use only glass wash bottles and glass containers for all procedures that 
involve analytical workup. Only silica gel may be stored in plastic 
containers. 

16. Organic inorganic extraction of the impinger may be useful in deter- 
mining emissions from some sources. Use the flowchart as a guide to 
this procedure. 
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Impinger H2O 

Record total volume 

Add to 500 ml separatory funnel 

Add 50 ml anhydrous diethyl ether Et20 

Shake 3 minutes ventinj^ ether fumes periodically 

Let stand for separation of layers 
J 



H2O bottom layer separated 

Extract H2O twice again for a total 
of three F.t20 extractions. 
Combine extracts. 

H2O is then extracted three times with 
50 ml chloroform (CHCI3) 

H2O to tared beaker 

Evaporate H2O at room temperature and 
pressure 



Et20 to tared beaker 



CHCI3 + Et20 extracts 

Evaporate at room temperature 

and pressure 



17. Procedures given here are only for cleaning Method 5 Train, 

although, they are good general starting point procedures for cleaning 
any sampling train. 

I he most important aspect of cleaning and analyzing the Method 5 Sampling 
Train is the practice of good laboratory technique. The sampling team may not in- 
clude an experienced chemist; therefore, good technique may have to be learned 
by all team members. If an experienced analytical chemist is a member of the 
sampling team it would probably be best to allow him to assist in cleaning the 
equipment. This would help to asstire good techniques and perhaps save time in 
preparing samples for more extensive qualitative or quantitative analysis. 



SAFETY ON SITE 

Source sampling is performed at a variety of industrial sites and under many dif- 
ferent conditions. Adequate safety procedures may be different for any given situa- 
tion; however, generally accepted industrial safety procedures should be helpful to 
source samplers. The test team must be aware of safe operating mriiiods so that 
alert discretion may be used for team safety at a particular sampling site. Safety is 
an attitude that must be instilled in all sample team members. Well thought out 
and followed procedures will ensure the safety of all team members. The team con- 
cept essential to^succcssful te.-sting is vital for safe testing. It ,nust be stressed that 
safety is everyone s responsibility for themselves as well as for other team members. 
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Key Factors to Good Safety 

Knowledge and experience are the major factors in formulating sound safety prac- 
tice. An individual must draw upon these factors in determining safe methods, A 
knowledge of standard safety and operating procedures will permit their applica- , 
tion in any situation. This basic knowledge in conjunction with understanding of 
the job tasks and possible dangers assists in planning preventive safety measures. 
Flans for operating at the job site may be developed around these procedures. If an 
accident does occur, the people involved must be informed of proper emergency 
practices and use of first aid. Job experience and analysis of past accidents should 
be used in developing preventive safety programs. 

Accident Analysis 

The basic philosophy of a safety program should be that accidents are caused and, 
therefore, can be avoided or prevented. Accident analysis is a productive tool of 
this philosophy when it is used as a preventive step. This implies advance examina* 
tion of a potentially hazardous situation to predict possible accidents and eliminate 
their causes. Accident analysis is most effective when employed after an accident 
has taken place. The analysis procedure involves listing the major and con- 
tributing causes of the accident. "If the real causes of the accident are analyzed in 
this manner, corrective action will suggest itself. Accident analysis should include 
preventive suggestions from people involved at the job site or those who have been 
previously injured. 

Common Causes of Accidents 

There are a number of items that may be considered common causes of accidents: 

1. Failure of supervisory personnel to give adequate instructions or inspec- 
tions. This includes instructions for performing the job and safety re^ 
quirements. Inspection of the job site is advisable for all applicable con- 
cerns and safety before, during, and after the job. 

2. Failure of person in charge to properly plan or conduct the activity. Ex- 
periment design and performance are important factors in success and 
safety of a stack test. This includes providing adequate manpower for 
the task. 

:i. Improper design, construction, or layout. Design aspects relate to equip- 
ment used and plan of operation. 

4 Protective devices or proper tools and equipment not provided. "Jerry 
rigging*' and "making do" should only oc' ur under unusual cir- 
cumstances, not as standard practice. 

Failure on the part of any personnel to follow rules or instructions:" 
Safety is the respon^iiblity of each individual for himself and others 
around hiin. Personal disregard for salety rules jeopardizes the satety of 
all. 
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6. Neglect or improper use ot protective devices, job equipment, or 
materials. 

7. Faulty, improperly maintained devices. Poorly maintained job equip- 
ment is inexcusable. 

8. Personnel without adequate knowledge or training for performing job. 
tasks. All present should be capable of performing the job tasks 
assigned. Trainees should be closely supervised. 

9. Personnel in poor physical condition or with a poor mental attitude for 
task. This can have implications for the attitude of personnel toward 
each other, the supervisor, the task itself, or working conditions, 

10. Unpredictable agents outside the organization. This may mean contract 
personnel who do not abide by standard rules or something as unpredic- 
table as a biting insect or bad weather. 

Accident Prevention 

» 

Preventing accidents during a stack test begins with advance planning. 
Knowledge of process operations and important considerations of the site 
environment will give insight into chemical, mechanical, or electrical hazards 
that may be present. This knowledge will be useful in deciding on equipment to 
be used at the site. Knowledge of the weather conditions and logistical con- 
straints further aid in establishing a safe test program. These items in conjuiiC- 
tion with evaluation of site safety and first aid facilities will allow preparation of 
a source sampling experiment. 

The source test program will operate at peak efficiency and safety if plans are 
properly followed. Thorough planning, including contingency actions, eliminates 
the confusion that often contributes to accidents. This planning must include 
allotment of sufficient time for completion of the task, taking into account 
possible delays. Test personnel should be well informed of the program pro- 
cedures; their input for test performance and safety suggestions will be useful 
Having once established an operating plan, all involved should adher? to it closely. 

After thorough planning of the test program, attention focuses upon testing and 
safety equipment and on site operating practices. General comments on equipment 
preparation apply to both the sampling and safety apparatus. Experimental design 
and personnel suggestions should indicate what equipment will be needed on the 
site for all functions. Equipment should be prepared and assembled in advance; it 
should be checked for suitable operation or potential problems. Equipment that 
could handle unexpected situations should also be included. Carry only necessary 
equipment to the site and use it properly. 

Work at the site must be organized following standard rules ^and work the plan 
carefully followed. Safety equipment should be used and personnel must remain 
alert to any changes on the site that could effect safe operation. All! present should 
be made aware of any suspected problems. 




Summary 

TUv mosi irnpoitam factor in any safety program is common sense. Common sense 
can. however, he an elusive element. Several steps presented in this section can 
help in developing stMisihle safety practices. Thorough advance planning and 
preparation for ihe jobs at hand begin the process of good safety practice. 
Informing involved personnel of all plans and using their suggestions about work 
safety increases the effectiveness of the planning. Analyzing a work situation for 
hazards, including past problenis. into a coherent, organized safety program, 
usually results in common sense corrective procedures. 



ERIC 



:'. IS 



METHOD 5— SOURCE TEST DATA SHEETS 



Preliminary Survey — Source Sampling Site "N 



Date 

Plant namt* _ 
Previous test(s) by: 
Plant coniaciis 



Survey investigator 



City. 



Reports available 



State^ 



Title. 

Title_ 

Title_ 

Complete directions to plant from point of origin 



Phone^ 
Phone. 
Phone^ 



Local accommodations: nearest motel 
Restaurants 



Nearest hospital 

Rental cars and vans available 



Phone. 



.miles 



Plant Operation and Process Description 



Description of process. 



4- 



Description of control equipltient 



Schematic Drawing of Process Operation (Note location of sampling) 
Sites and control equipment: 



Sampling sites 



Anticipated constituents of stack gas 
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Process fuel type(s) . 

Process raw iTiaterial(s) 

Process proiluction rate(s) 
Samples to be taken of; 



Plant operation: Continuous 

Shift chan)2[es and breaks 

Plant facilities; Entrance requirements 

First aid ^. Safety equipment 

Laboratory 

Reagents 



Feed rate 



Consumption rate(s) 



Batch 



Food 



Re»strooms 



Compressed air source 



Equipment available 
Ice 



Sampling Site and Suck Information 



Sampling 
tite 


Type 
PoUuunt 
emiMioni 


Duct 
dimen- 
tioiu 


Duct con- 
ttructian 
material 


No. of 
ismpLe 
poru 


Port 
dimen- 
iion 


Dumctert 
straight 
run to 
poru 


Duct gat 
temp. 
•F 


Duel gai 
velocity 
It./iec. 


Average 
^pin. 

in 
duct 


% 

^p 

in gat 


Suck 
preuure 
in. Hg. 
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Sketch of duct to be siTmpled with port locations and all dimensions 
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Sketch of sampling siic 

Access to work arra 



includittglilU dimensioni 

Work arra (locate eUTttical uutlrts) 
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Electrical outlets available 

1. Voltage 

2. Extension cords needed. ^ft. 

3. Adapters 



Recommended modifications to sampling site . 



Sampling method suggested 

Equipment needed: Sample probe lengths. Nozzles 

Glassware Sample case: Horizontal traverse Vertical. 

No. of needed sample cases Meter consoles Probes Filter assemblies 

Special equipment. 



Reagents needed 



Safety at Site 



Condition 
descrip- 
tion 


Sampling 
site<s) 
general 


Ladders 


Scaffolds 


Platforms 


Lighting 


Ventila- 
tion 


Chemical 

hazard 
protection 


Warning 
system 


Ci<M><l 


















Ailcquale 


















poor 


















Intoleiablr 
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Personnel Safely Equipm/nt 



hem 


gUuct 


lull 
filer 
shtclcU 


Hard 
nau 


Safety 


liiaffty 

DClU 


Hearing 
protec- 
tion 


Ke«piratory wuipment 


Fire 
cttin- 
guifthers 


Chemi- 
cal pro- 
tection 
gar- 
ments 


Heat 
protect- 
ing gar- 
mcDti 


Aibettoi 
apron 1, 
glovet 


Puri- 
fying 
type 


Sell 

COS- 

taii/ed 


Air 
lupplicd 


Nredrd 
41 %nv 




























Avail 
able 4t 
pUnt 




























Must br 

brought 
by 

train 





























Description of additional safety equipment recommended: 



Comments; 
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Method 1--Sample and Velocity Traverses for Stationary Sources 
Sample Site Selection and Minimum Number of Traverse Points 

IMain Location ^ . pate 

Sainjiling location 

Sample leani ojHTator(s») 



Ski uh (j( .staik >{romrtry (including distances from sample site to any disturbances) 

Interior duct cross-section dimension ft 

Sampling port diameter in. 

Sampling port nipple length_== in. 

Stack cross sectional area ft2 



Sampling site: diameter downstream of disturbance ^ Diameters upstream 

Minimum number of sampling points Individual point sample time _ 

Total test time 

Comments: 



Sketch of Stack Cross-Section Showing Sample Pons and all Dimensions 



Sample point 
number 


Circular stack 
% diameter 


Distance from 
sample port 
opening in. 


1. 






2. 






3. 






4. 






5. 






fi. 






7. 






8. 






9. 






10. 






11. 
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Gas Velocity Traverse Data 



IMaiu 

Plant location 
Sampling location 
Operatorvs) 



Uaif 



Dry molecular weight of stack ga* — 



.lb/ mole. Moisture content 



-%H20 



PitottubeCp 

Stack cri)ss-sectional area {A^} 



Barometric pressure 



Stack sialic pressure 



ft 





Distance 


Port A 


Port B 


Port C 


Port D 


poi 1. 
tx. 


into stark 
from suck 
wall 


ngu 
in. 


yap 




Ap 
in. 




* s 


HoO 
in. 


Vap 


T »F 

5 


Ap 
H2O 
in. 


VAp 


Ts*F 


1 

2 




























•i 




























4 




























5 




























6 




























7 




























8 




























9 




























10 




























11 










\ 
1 
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J 




1 















fSum of T's^F at each sample point] 

Average Ts°Rn\°R)= :;r-T" , — +460 

" * L Total no. sample pomts J 



.°R 



Fsum of the at each sample point)' ! ^ .^^ 
^ Total no. sample points 



Average Ap (Ap) - 



Average slack gas velocity ( v^) - KpCp 



PsMs 



_ft 'sec 



where Kp = 8r).49 ft. si'c 



Ih/ lb mole (in. Hg ) 



Average actual .stac k gas volumetric flow rate 

{Qa)=-- ( v^)(A>i) X 3()()0 sec hr = 



ACKl I 
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Aveiage diy .^laik gas voluincuu How r.ite at siaiulaid coiuiii tons 



hid 

iQj ^ CSMH) src hi Hl^HwsHVs X'-^s^ 



80 



DSCili 



t 



Orsat Field Data 



Orsat idfnlification no, 

(.'heckfd by . 

Plant location 

0(UTdt()r(jv) 



... Date icaHtMUs adtj^^tt''. 



Sam Idling daft' 



Sampling location ^ L-. 

Moisture content of stack gas (B^g) 

^uel feed rate [ ^ Combustion source description 



J_ Average fyrite COv 

Fuel used. 



Process production rate 
Comments: 



S'eam production rate 



Test no. 


Sample time 


Analysis 
time 


Burette readings . 


Start 


Stop 


CO2 


O2 


CO 




































r 









Component 


Mole fraction = %composition /IQO 


CO2 




O2 C()2 




CO - O2 




100 ■■ CO - N2 





Dry int)lccular weight of stack gas (Mj) - liM^Bx 

Ma-- -t-i ( %C02)4 .32 ( %02)+ .28 ( %CO)+ .28 ( %N2) 

VVft molt'cular wciglu of stack gas (M^)= Ma(l-Dvys)+ 18gm.' 111(3^^5) 
Ms-"M ,i( K niolc (1 )+ 18 g g niolc ( ) = g. g;■^nok• 



";, F.xtcss air in tlu- duct (%KA) 
% KA 



%O2-0.5(%CO) 



_(().264)(%N2)--(%O2) + 0.5(%CO) 
( %O2)-0.r)( %CO) 



g g-mole 



X 100 



(().2(i4)( %N2) { ^'/o02) + 0.r)( %CO)J 



X 100 = % 
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Method 4— Reference Method for Determining Moisture Content 
of a Stack Gas 

Date Schematic of Stack Crow-Section 

Plant ..^^ 

l«ocation ^ 

Sampling location . _ 

Operator 

Run no. 



Atnbicnt tcmptTaiurc 
Baromrti ic pressui t* 
Probe length „ 



Sampir 'rrain No. 



Traverse 
point # 


Sample 
0+ n 


Velocity 
head = Ap 
in. H2O 


Rou- 
meter 
setting 


Dry gas 
meter 
reading 


Average inlet- 
outlet gas sample 
temp, at DGM 


Gas temp. 

at last 
impinger 
























































































































































^ 







Impinj^rr 


Silica Gel [SC) ^m 




Volume 


(I gin 1120 = 




(WCi) ml 


1 ml H2O) 


TTTial 






Initial 






Pitt 







Siandard ft^ H2O collected in the impinger = 
Vwc(,,a)^^^H20mlx 0.04707(ft^/ml) = _ft3 

Standard ft'^ H2O collected in silica gel = 

\\vsr,td)=^^^H20'^l^^^-^'*^'^(^'^^^') ^ — 
X'oluine metered at standard (onditions- 



V 



m 



It 



(Sid) 



K(std) 
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Particulate Field Data 

Very Important Fill in all Blanks 



IMam. 








lest start time ... ^ 


Run nn 


. .. 






Stop time 


Luiaiion 




Pni. '» Hk 




l\x tail u la ted ( in. ) 


Half _ 








l)^. used (in ) ^ 


Operator 


. 






Ambient temp . °F 


Sample box no 




M,, .... . 


_ 


liar, pressure, in 


Meier box no 




Ms 




Heater box setting. °K 


Noinu>(iaph H) 


no 






Probe heater setting. 


Or&ai no 


. Ddiv rebuilt 






Average Mi ^ , . 


Fyrur tu) . .. 


Uaie rebuilt 






Leak rate@l5 in. Hg Pre test 



Point 


Clock 
time 
(min) 


Dry 
meter 


1 

Pilot 
in lUO 


Orifice AH 
in H2O 


Dry gas 
lemp. 


Pump 
vacuirm 
in. Hg 

gauge 


Box 
temp. 
®F 


Impin- 

ger 
temp. 


in. rig 


temp. 

or 
r 


Fyriie 
%COo 


Desiied 




Inlet 


Outlei 
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1 



1 


timr 
(min) 


Uix 
meter 

c:f 


Pilot 
in H2O 


Orifice 
in 11 2O 


Dry gas 
temp. ^'F 


Pump 
vacuum 
in. Hg 
gauge 


Box 
temp. 
«F 


Impin- 

ger 
temp. 


Stack 
press, 
in. Hg 


Slack 
temp. 

Of 


Fyrite 
%C02 


Pciiiic 


Desired 


Actual 


Inlet 


Outlet 
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Laboratory Analysis Data Particulate Source Sample 



Analysis daif(?i) 

PlamsanipltHl !^ 

Sampling location 

Sample run no. , 

Sample labels: 

Impinger rinse . 

Analysis performed 

Kelerence method 

Comments: . 



Analytical chemist _ 

_ _„ Location . 

Sampling datt»(s)_ 



Silica gel 



Sampling case no. 
Filter 



Probe 



Dry particulate. 



Other. 



Analytical sample temp. 



Moisture Data 

Final volume H^O in impingers 
Initial volume H2O in impingers. 
Volume H2O condensed 



_ml 
_ml 
_ml 



Final weight silica gel _ 
Initial weight silica gel 



_gm 
_gm 



Total Moisture 

H2O Condensed 

H2O Absorbed _ 



_ml 



.ml 



H2O Total. 



.ml 



Particulate Data 

CH;j Cn2^^"2 CH3 CHCL3 extract 
Flask no. 



Final weight 

Initial weight 
Organic fraction 



.mg 
_mg 
.mg 



Extracted II2O Flask No. 

Final weight 

Initial weight 



_mg 
.mg 



Inorganic fraction 



— mg 



Filter Flask No. 



Final weight 

Initial weight 



mg 

mg 

Filter and particulates mg 

Filtri nt) I ..--v wn^iu ing 

Particulates 

Dry particulates and pr<)b(* mg 

Front half [)articulates mg 



Total Particulate Sampled 

Organic fraction 

Inorganic fraction 

Front half particulates 



Total Particulates 

Run No. 



.mg 



.mg 
.mg 
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Chapter 6 

Source Sampling Calculations 



rhis section presents the equations used for source samplirg calculations. These 
equations are divided into two parts equipment calibration, and source test 
calculations. Gaseous source test equations are included to aid the source sampler 
performing both particulate and gaseous emissions tests. The purpose of the section 
is to give the reader a quick reference to necessary mathematical expressions used 
in source testing experiments. 



EQUIPMENT CALIBRATION EQUATIONS 
Stausscheibc (Type S) Pitot Tube Calibration 

Calibration Coeffkient (Cp) 



V^Pstd 

Deviation from Average Cp (Leg A or B of 1 ype S tube) 
(Eq. 6-2) Deviation = Cp^std) " 

Average deviation from the mean 5 (Leg A or B) 

(Eq. 6-3) , t ^^P(^) ^ ^P(^ or b!^ , 

6 -L 5 

1 ^ 

Sampling Probe Calibration Developed by Experimerit and Graphed for Each 
Probe Length 



Test Meter Calibration Using Spirometer 

Spirometer volume (iem{)('rature and pressure correction not necessary for ambient 
conditions) 

(Eq. 6-4) \Sf)irometer displacement (cm)] x [liters 'cm] - liters volume 
GonvtMt liter-s to cubic feet {J't 

I <\st Metei (Correction Pactor ' 

Spirometer Standard ft ^ 
(Eq. 6-5) ~ meter correction factor 

Test meter ft ^ 



Correct Volume 

(Eq. 6-6) [Test meter volume\x[Test meter correction factor] ^ correct volume 

Orifice Meter Calibration Using Test Meter 

Test meter volumetric flowrate {Q^m) cubic feet per minute 

(Eq- 6-7) Qm [Test meter {Vf)^ Test Meter V^] x [Test meter correction factor] 



Proportionality Factor (K^) 



(Eq. 6-8) 



"* Qm 



^m ^m 



Orifice meter Flow Rate 

(Eq. 6-9) 



1. EnglvJi units Aa/@ = „- 



where 
(Eq. 6-9) 

where 



AH@ = 0.75 cfm at 6S°¥ and 29.92 in. Hg 

0.3306 



2. Metric units AH@ = 



AH/g) = 0.021 m^/min at 760 mm //g an^i 20 °C 



Sampling Meter Console Calibration 

Ratio of the accuracy of Console Gas Meter ''-ilibration Test Meter (7). 
Folerance 1 ± 0.02 

(Eq. 6-10) 7 



Mctei Console Orifice Meter Calibration (A//@) 



(Eq. 6-11) 

where 

(Eq. 6-12) 



I. AH/ 



K AH 



v., 



n2 



A' = 0.031/ English units 
= 0.0012 metric units 



0.9244 



K 



m 



2 



(1 2 



Source Sampling Nomograph Calibration 

Isokinetic A// Equation 

Isokinetic AH - 

6-13) 



Sampling No//lf K(|uaii()n 



(Eq. 6-14) 




m 



Adjusted C Faiior [Cp)- 



^-^^^ ^-factor adjusled ^ ^ factor 

Adjustrd C- Factor {M(it-2Si) 



^2 



0.85 



(Eq. 6-15) 



factor adjusted ~ ^factor \ - ^ ^ + ISiJ 



SOURCE SAMPLING CALCULATIONS 
Method 1— Site Sejection 

Equal Area Equation (circular ducts) 



(Eq. 6-18) 



P=50 



y 2n 



Equivalent Diameter for a Rectangular Duct 



(Eq. 6-17) 



n - 'Miengt h) {width) 

U ~ ' ■ 

length + width 



Method 2 — Gas Velocity and Volumetric Flow Rate 

Average Stack Gas Velocity . 



(Eq. 6-18) 



Average Dry Stack Cias Volumetric Flow Rale at Standard Conditions {Qj) 



(Eq. 6-19) 



Qs= 3600 (1 -B^s)^;As 



Jjtd 
Pstd 
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Method 3 — Orsat Analysis 

Staik Gas Dry Molt'cular Wright 

(Eq. 6-20). = ^^x^x = 0. Hf^CO^:; + 0.32(%02) + 0.2S(%N2 + %C0) 
Stack Gas Wet Molecular Weight 

(Eq. 6-21) - Mdd - B^J^ + IS-^B^^ 

Hcrcetit Excess Air (%EA) 

(%02)-0m(%C0) 

(Eq. 6-22) %EA = — x ; 00 

^ 0.264 (%N2) - (%02) + 0.b(%CO) 

Method 4 — Reference Moisture Content of a Stack Gas 

Volume Water Vapor Condensed at Standard Conditions (V^^^ 

(Eq. 6-23) V^^ = — — = Kj (Vj - V^J . 

whctt' Ki = 0.001333 m}/ml for metric units 

= 0.04707 ^ /ml for English units 

Sij>ca Gel 

(Eq. 6-24) ' K2 = (Wf- W^j = 

where A'2- 0.001335 m^/gm for metric units 

= 0.04715 ft.^/gm for English units 

Gas Volume at Siandartl Ciindiiions 

AH 



(Eq. 6-25) ^'m.,,.M=F,„K 



'^std\ [Pb^ 13.6 



Moisture Ca)mem 
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(Eq. 6-26) ^^ws -,7 — ^7 -p 

Method 5 — Particulate Kmivsions Testing 

Drv (i.is V olume Mclcicd <it .Staiuiaid (iondilion.s 
Leak K.ilc .Atl ju^unciil 

(Kq. 6-li7) il.l -La^H-i:^ 1 L/ I a>'~>i C-p l-a'^^pi 
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Standard Dry Volume at Sampling? Miner 

/ 

(Eq. 6-28) ^'Hsld)"^ ^mYm I J^j I" 



m 



Isokinetic Variation 
Raw Data 



where A'^ - 0.003454 ^ 



ml °K 



-0.002669^^^^^^^ 

ml °R ^'^^^^-^ 

Note; This equation includes a correction {or tht- pressure differential across the 
dry gas nieter measured by the orifice meter average sampling run AH readings. 
Intermediate Data 

(Eq. 6-30) %/= 100 ^^^^^^^ ^''^ = K4 -^-Il^^^A) 



where K4 - 4. 320 for metric units 

0. 094 W for English units 



Method 8— Sulfuric Acid Mist and Sulfur Dioxide Emissions Testing 



Dry volume metcKed at standard conditions (sec equations in previous scctl'o^is of 
this outline) 

Sulfur Dioxide coiuentration 

^solution 



where - 0.03203 g/meq for metric units 

= 7.061 X 10 - 5 Ib/meq for English units 



Sulfuric acid mist (including sulfur trioxide) concentration 

^solution 



(¥n fi ^tb)YaUquot 
(Eq. 6-32) c llnSO.^Kz ■ 

^ t y 



(Std) 
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where 

Isokinetic Variation 
Raw Data 

(£q. 6-33) 

where 



/C2 = 0,04904 g/meq for metric units 
= 1.08 X 10-4 ib/meq for English units 



%/=100 



'^s [K4Vic + (ym/Tm){Pi, + AH/\S.6) '] 
eOdAnVsPs 



/^4 = 0.003464 mm Hg~m^/ml- °K 
= 0.002676 in. Hg - ft^/ml - ''H 



Concentration Correction Equations 

Concentration Correction to 12% CO2 



(Eq. 6-34) 



•^12 



' [%C02} 



Concentration Correction to 50% Excess Air Concentration 



(Eq. 6-35) 



L 15 



•^50- I J 

Correction to 50% Excess Air Using Raw Orsat Data 



(Eq. 6-36) 



""•550" 



1 - 



(1.5)(%02) -(0.133)(%iV2)-0.75(%CO) 



F-Factor Equations 



Factor 



21 



100 



Used when measuring and CO2 on a wet or dry basis. 
F(l Factor 

When measuring 02ci s"*^^ ' 5 °" a tiry basis 



(Eq. 6-38) 

20.9 -%02d 
When measuring 02(i and on a wet basis 



20.9 



(Eq. 6-39) 



20.9 



20.9(1 -«^.,)- 



1 - i^ws 



i 



Fif, Factor 

• When measuring <\j and O2 on a wet basis 

• B^^,a = moisture content of ambient air 

• Cannot be used after a wet scrubber 

(Eq. 6-40) 



Fq Factor 




20.9 



,20.9(1 -B^a)-%02w 



I. MiscellaneousTactor for checking Orsat data 

20.9 Fd 20.9 - 02ci 



(Eq. 6-41) 

Opacity Equations 

% Opacity 
(Eq. 6-42) 

Optical Density 
(Eq. 6-43) 

(Eq. 6-44) 

'Iransmittance 
(Eq. 6-45) 



100 Fr 



%C02d 



O2 and CO2 measured 
on dry basis 



'%Opacity= 100 - % Transmittance 



Op"calDens y = logio [ i _ Opacity ] 

■. 1 
Transmittancej 



Optical Density = log\ 



Transmittance = e ^^^^ ^' 



Flume Opacity Correction 

(Eq. 6-46) log{\- Oi) = (Li/L2) log\lz.P2) 
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Chapter 7 

Report Writing 



The report of a source sampling test presents a record of the experimental pro- 
cedure and the test results; it is a written statement describing a scientific experi- 
ment and should follow the basic rules of accepted form. The report must state the 
objectives of the experiment, the procedures used to accomplish these objectives, 
results of the experiment, and conclusions that may be drawn from these results. 
The information should be presented in a clear, concise manner. The report must 
document all aspects of the testing for it may be used in litigation. A suggested for- 
mat for the report is given in this section with a brief explanation of each topic. 
An outline of the format follows these explanations. 

PRESENTATION 

The test report should be presented as a professional document. It should be 
bound in an appropriate cover and contain a cover page giving the title of the 
report, the identity of the organization for which the test was performed, and the 
test team as well as the location and dates of the testing. Following the cover page 
should be a signature page with a statement of the careful performance of the test 
and preparation of results signed by all test participants, laboratory personnel, and 
supervisors. This is essential tor documentation and legal purposes. A table of con- 
tents then follows, and includes ^.ll topic listings and appendixes with page 
numbers. An accurate table of contents is always appreciated by thooc reading the 
report , 

INTRODUCTION 

0Vhe report introduction will briefly define the purpose of the test. It will include a 
short description of the basic sampling method and of the process and control 
devices used and give testing location and date along with the names of the test 
team personnel. The introduction should also identify industrial or regulatory 
agency personnel present on site during the tests. 

SUMMARY OF RESULTS 

The summary of test results is extremely important, lliis is usually the first item of 
the report read; often it is the only section that anyone reads and it is presented as 
the first item in the report for this reason. The summary of results is a concise 
statement of test methods and results. The sampling r :ipment is desci ibed as are 
the test methods employed. Standard methods are referenced to State or Federal 
guidelines, with approved method changes referenced to sources used or regulatorv 
agency giving approval. The source emission rate determined by the test is 
expressed in appropriate English and metric units. Comments concerning the pro- 



cess rate and continuity during the test are also given. State and/or Federal 
regulatory emission rates are Muted. I he test nummary should then give a conclu* 
sion about the lest program and the result.s. 

PROCESS I)£SCKIPTIOrS[ 

A full description o{ the process is essential. Include the process desc ription with 
any charts of process monitoring equipment (fuel feed rate, steam ilow. materials 
produced, etc) and samples of calculations used for determining production rale. 
Provide a flow diagram of the entire proc:ess with all pertinent information 
regarding production and control equipment, A full accounting of process 
o[)erating conditions during the test should be included \\ 'h these charts and 
diagrams. Specific attention must be given to the contiol equipment. State the 
manufacturer's name and operating specification with notes on the operation of the 
device during the test. 

TESTING METHODOLOGY 

A detailed ctescription of tlie sampling scheme is given in this section. Drawings, 
photographs, or blueprints of the stack or duct and sampling ports, including all 
dimensions actually taken by the test team, are required. These must be accom- 
panied by a diagram showing the location of the sampling points within the duct 
and all important dimensions. Descriptions of the sampling and analytical pro- 
cedures are required. The methods and specific equipment used should be stated 
and referenced. All modifications to standard procedures must be noted. Justifica- 
tion for these cliaiiges in addition to authorized approval from regulatory agencies 
or industrial personnel is necessary. 

RESULTS 

The results portion of the report should allow easy access and review ol sum- 
inari/ed data. Present raw field and laboratory data in summary charts and tables 
with easily understood examples of the calculations made. Listing the results of 
these calculations in easy to read tables increases the value of this section. 

APPENDIX 

The appendix should include the following items: 

• Test l.og record of events at the site. 

• Raw field data sheets (or signed copies). 

• Laboratory report including raw data. tahl(\s. and calibration jtrraphs. 

• Testing equipment listing: 

1. Design and manufacture; 

2. Calibration procedures and data sheets: 

3. Serial numbers of (Hjuipment used in test. 

• A iopy of lederal Registei or otluM refercMUc procedure out lint-. 

• A co[)y ot applirabU* statut(\s and regulations c oiucMiiing the testing. 



QUICK REFERENCE OUTLINE FOR REPORT WRITING 

L Presentation of report 

A. Bind in suitable cover 

B. Cover page 

1 . Report title 

2. Organization requesting te.st 

3. Organization performing test 

4. Location and dates of test 

C. 1 able of contents 

IL Report 

A. Introduction 

1 . Test objectives 

2. Brief process and control equipment description 

3. Test dates and personnel 

a. Samplers 

b. Observers 

B. Summary of results 

1 . Brief test method identification 

2. Regulatory agency approval of method 

3. Comments on process operation 

4. Emission rate determined by the test 
Ti, Emission rate limit given by law 

C. Process description 

1. Describe process 

2. Describe control equipment 

3» Flow diagram of entire process 

4. Charts and calculations of process production rates 

D. Testing methodology 

1 . Sampling scheme with drawing and dimensions of site and sample 
points 

2. Description of sampling method 

3. Description of analytical method 

4. Modifications to methods and approved justification 

E. Results 

1 . Summary of data 

2. Charts and tables 

3. Example calculations 

F. Appendix 
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Chapter 8 

Error Analysis 
Role of the Observer 
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ERROR ANALYSIS^ 
Introduction 

Thv probli'in of act uracy in stack sampling measurements is considered and 
debated in almost every report or journal article in which stack sampling data 
appear. Inhere exists, however, a great deal of misunderstanding in the engineering 
community on the difference between error, precision, and accuracy. This 
misunderstanding often leads to a misinterpretation of analytical studies of svack 
sampling methods. 1 he type of error analysis often used applies only to ''randomly 
distributed error with a normal distribution about the true value/' 

A discussion of the definitions of terms normally used in error analysis will be 
given in a course lecture. The definitions are also included in this manual for your 
future reference. It is hoped that by studying this section the student will realize 
the limitations of error analysis procedures and will be able to more carefully 
design experiments that will yield results close to the "true" value. 

Definitions 

Error: This word is used correctly with two differenr. meanings (and frequently in- 
correctly to denote what properly should be called a "discrepancy''): 

(1) To denote the difference between a measured value and the **true*' one. 
Except in a few trivial cases (such as the experimental determination of the 
ratio of the circumference to the diameter of a circle), the *'true'' value is 
unknown and the magnitude of the error is hypothetical. Nevertheless, this is 
a useful concept for the purpose of discussion. 

(2) When a number such as (;= ± 0.000008 x 10^^ is given or implied, "error" 
refers to the estimated uncertainty in an experiment and is expressed in 
terms of s u h quantities as standard deviation, average deviation, probable 
error, or precision index. 

Discrepancy: This is the difference between two measured values of a quantity, 
such as the difference between those obtained by two students, or the difference 
between the value found by a student and the one rjiven in a handbook or 
textbook. The word "error" is often used incorrectly to refer to such differences 
Many beginning students suffer from the false impression that values found in 
handbooks or textbooks are "exact" oi 'true/* All such values are the results of 
experiments and co.uain uncertainties. Furthermore, in experiments such as the 
determination ot properties of indiyidual samples of matter. handUuok values may 
actually be less reliable than the stbdcnt s because the student s samj)les may differ 
in constitution from the materials wht^h were the basis ')[ the handbook values. 

*AtiaptH from Y. Ben.s. Theory oj Errors. -^.Addison Wrslcy. Reading. Mass. (19f)8) [)p.l 6. 
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Random Errors: Sometimes when a given measurement is repeated the resulting 

values do not agree exac tly. Thv causes of i\\v disagieemnu between the individual 
values must also be causes of their dittering troni the "true" value. Knots resulting 
irom these causes are called random errors. 1 hey are also sometimes called 
ex|>erimentator accidental errors. 

Systematic or Constant Errors: if, on the other hand, all of the individual values 
an? in error by the same amount, the errors are called systematic or constant 
errors. For example, all the measurements made with a steel tape that includes a 
kink will appear to be too small by an amount equal to the loss in length resulting 
from the kink. 

In most experiments, both random and systematic errors are present. Sometimes 
both may arise from the same source. 

Determinate and Indeterminate Errors: Errors which may be evaluated by some 
logical procedure, either theoretical or experimental, are called determinate, while 
others are called indeterminate. 

Random errors are determinate because they may be evaluated by application of 
a iheory that will be developed later. In some cases random or systematic errors 
may be evaluated by subsidiary experiments. In other cases it may be inherently 
impo.ssible to evaluate systematic errors, and their presence may be inferred only 
indirectly by comparison with other measurements of the same quantity employing 
radically different methods. Systematic errors may sometimes be evaluated by 
calibration of the instruments against standards, and in these cases whether the 
errors are determinate or indeterminate depends upon the availability of the 
standards. 

Ck>rr**ctions: Determinate systematic errors and some determinate ra .dom errors 
may be removed by application of suitable corrections. For example, the 
measurements that were in error due to a kink in a steel tape may bt v;li .linated by 
comparing the tape with a standard and subtracting the difference from all the 
measured values. Some of the random error of this tape may be due to expansion 
and contraction of the tape with fluctuations of temperature. By noting the 
temperature at the time of each measurement and ascertaining the coefficient of 
linear expansion of the tape, the individual values may be compensated for this 
effect. 

Precision: If an experiiueni has small random errors, it is said to have high 
precision. 

Accuracy: If an experinieni has small systematic errors, it is said lo have high 
accuracy. 

Adjustnunt of Data: This is the process of determining the "best" or what is 
generally called the most probable value from the data. H the length of a table is 
measured a number ot times by the same method, by taking the average of the 
measurements w(* can obtain a valut* more preci.se than anv of the individual ones, 
H some of the individual values are more precise than others, then a weighted 
average should he computed. Tliest* are exainple.s ot adjustment ol data ior directly 
mt*asured cjuaniiii(\s. For (()mj)ul(M quantitie.s ilu* [)!()ct\s.s may bv si)(*ciali/(*d and 
complicated. 
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Clanif ication of £rrors 

(U Krnns of calibialion of insiiunuMUs. 

(2) Personal vrnns, Vhvsv ate error, s ( aused by habits of iiulividual observers. 
For example, an observer may always introduee an error by consisttMitly 
holding his bead too lar to the left while reading a needle and stale baving 
parallax. 

(3) Kxpeiimenial conditions. If an in.strument is used under constant experimen- 
tal conditions (such as of pressure or temf)erature) different from those for 
which it was calibrated, and if no correction is made, a syste.niatic error 
results. 

(4) Imperfect technique, rbe measurement of viscosity by Poii,euille's Law 
requires the measurement of the amount of liquid emerging from an 
apparatus in a given time. If a small amount of the liquid splashes out of the 
vessel which is used to catch it, a systematic error results. 

Random Errors: 

(1) Krrors of judgment. Most instruments require an estimate of the fraction of 
the .smallest division, and the observer's estimate may vary from time to time 
for a variety of reasons. 

(2) Fluctuating conditions (such as temperature, pressure, line voltage). 

(:i) Small disturbances. Examples of the.se are mechanical vibrations or, in clec 
trical instruments, the pickup of spurious signals from nearby rotating elec- 
tric al machinery or other apparatus. 

(4) Definition. Even if the measuring process were perfect, repeated 

measurements of the same quantity might still fail to agree because that 
quantity might not be preci.sely defined. For example, the "length" of a rec- 
tangular table is not an exact quantity. For a variety of reasons the edges are 
not smooth (at least if viewed under high magnification) nor are the edges 
accurately parallel. Thus ev'>n with a perfectly accurate device for measuring 
length, the value is found to vary depending upon jusi where on the cross 
section the "length ", is mea.sured. 

Illegitimate Errors: These errors are almost always present, at least to a small 
degree, in the very best of experiments and they should be discussed in a written 
report. However. iIkmc arc three types of avoidable errors which have no place in 
an experiment, and the trained reader of a report is justified in assuming that 
these are not present. 

(1) Blunders. I hese are errors caused by outright mistakes in reading 
instrunienis. adjusting the conditions of the experiment, or performing 
calculations. These may be largely eliminated by care and by repetition of 
the experiment ai d calculations. 

(2) Ktrots of computation. The maihenialieal machinery selected for calculating 
the results of ;ui experiment (such as slide rules, logaiithm tables, adding 
machines) should have errors .small enough to be completely negligible in 
comparison with the natural errors of the experiment. I hus if the data are 
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arc urate to five ^iigniric ant figures, it is highly improper to use a slide rule 
capable ot being read to only three figures, and then to state in the report 
that ' ^lide rule err<ir" is a source of error* Such a slide rule should be used 
for calculating the results of an experiment having only three or preferably 
two significant figures. On the other hand, if the experiment does give five 
significant figures, five or six-place logarithm tables or some other more 
accurate means of calculation should be used. 
(3) Chaotic Krrors. If the effects of disturbances become unreasonably 

large that is, large compared with the natural random errors they are 
called chaotic errors. In such situations the experiment should be discon- 
tinued until the source of the disturbance is removed. 



THE ROLE OF THE AGENCY OBSERVER* 
Introduction 

Air pollution control agency personnel who may not be directly involved in the 
complianct source sampling process are often called upon to evaluate source tests 
performed by environmental consultants or companies. Since emission testing 
rcquirts that industry, at their own expense, contact highly skilled source test 
trams, the source test observer should be prepared to ensure that proper pro- 
cedures are followed and that representative data is obtained. 

The main purpose for the agent y s observation of the compliance test is lo deter- 
mine thai the test data is representative. There are other valid reasons to observe 
the test, such as establishing baseline conditions for future inspections, but the 
major emphasis is on the .^valuation of the acceptability of the initial compliance 
test . 

The seven steps an agency generally uses for establishing the compliance of a 
source with the agency's regulatory requirements are as follows: 

1. l amiliari/t^ the agency establishes contact with the source and becomes 
familiar with operations, i missions, and applicable regulations. 

2. Schedule source test this may be part ot a compliance schedule of Federal 
Standard of Pertormance for Stationary Source Enforcement (NSPS). 

3. Kstablish metlu)doh)gy testing requirements should be established and a 
testing plan developed by tlu* agency. 

•1. Final plan atul test [)rocedure deveiomeMK a presurvcy should be conducted 
1)V a nu^nl'er of the testing it^am. A pretest meeting between the agency, 
source repi tentative, and lesi \i\\n\ represtMUative should b(^ held to drvelop 
tlu^ final ivs{ plan. 



Wdd\nvd from VV (. UrWcvs. Suf)pti'nu'tiiul Iraitun^ Mati'tuil jot Trchntait VVorkshoj^ -n 
tAHiluunn^ Pvrforwann- Icsts, DSSK KPA Vl.lK.o l.nvuonmnual SprcialisLs 
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5. Actual compliance tests - observatidn of the facility operations and testing 

methodology. / 

6. Review of test data - determination of compliance and official notification. 

7. (Continuing enforcement of i-umpliance- followup inspections using data 
generated from source tests as baseline for comparison purposes. 

There are five areas v^here problems might develop in obtaining a sample 
representative of the source emissions. If a question arises as to the integrity of any 
one of these areas» the t^bmpliance test may be considered nonrepresentative. These 
five areas are: 

' •The process and control equipment must be operated in such a manner as to 
produce representative atmospheric emissions. 

• The sample port and point locations must be representative of the atmospheric 
emissions. 

• rhe sample collected in the sample train must be representative of the sample 
points. 

• The sample recovered and analyzed must be representative of the sample 
collected in the sample train. 

• rhe reported sample results must be representative of the recovered and 
analyzed sample. 

The source test to be monitored by the observer, then, is developed and con- 
ducted by the source test team and observer in four major phases; (a) preparing 
and planning, (b) conducting the test, (c) recovering, transporting, and 
analyzing the sample, and (d) submitting the report. Discussion of these phases 
follows. 

Preparing and Planning— In the initial phase of preparation and planning, the 
agency must clarify for the source test team leader and process representative all 
the procedures and methods to be used during the entire testing program. 

The review of the compliance test protocol submitted hy the plant management 
or test consultant will explain the intended sampling plan "to the observer, Two of 
the more important items to be checked are «ny deviations from standard sampling 
procedures and the proposed operation of the facility during the compliance test. 

Many types of process'es, sampling locations, and pollutants require some 
modification to the standard samplinp" procedure. The agency must determine if 
the modification will give equivalent and/or greater measurement results than 
would be obtained with the standard method. 

The other major determination to.be made from the test protocol is defining 
what constitutes normal operation of the facility. Example checklists foi power 
plants and electrostatic precipitators are presented. 

The plant representative should understand and agree to all facility baseline con- 
ditions prior to the compliance testing, since the determination of representative 
operation of the facility is for the protection of both the regulatory agency and the 
plant. The plant representative may suggest additional factors that could he con- 
sidered as an upset condition and which would not produce representative 
emissions. 
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Examplt ^bwkUiU for pow«r planto. 



t.l rUSSlL rUEL nR£D INDIRECT HEAT EXCHANGE 

Mt)iiuur name ^ — — Ini d«ie . — 

K«( ilUy re|)mriiuiiv« » ^ ^ , 

Cimipany namr 

Dnignaiioii uf fat'iliiy . ^^-^ 

l>ftign«ik>n ol uiiii bring leMwt . 

Maximum heat input ^ million Kcal/huur 

million Btu/htmr 

Roller namirpUte tapacity .__„.^ . pumitlsfteam/hr 

IllectTtc generator rapacity , r^gawatti 

Induced draft Uncapacity CFM 

at „in. HaOand . . »F. 

Mucordrivf ■ hp ; "'^p* ; volti 

Ci)mbustion control Automatic Hand 

Type oC toot blowing Continuout Period 

Control uf toot blowing 

Automatic lequenlial 
Hand 

time eye ie 

DeKribethea.p.c. lyttem 



•»$ FUEL INPDT DATA 

AuUMsaik wcighiAf ui aacutlng 

Counter (touUier^ reading 
Time Goat Oil Gu 

Fnd teft . 

Begiti tett — 

Difference 
Units fed during 

Counicr convenioii 

Fuel per counter 

unit ... — ton* gal. cu. ft. 

Fuel fed during test toiu g^l. cu. ft. 

Fuel umpled 

during tett 

Number of sample* 

Total quantity of 

sample ^ 

Date of last 

calibration 

of automatic 

metering device _ - 

For manual weighing or other: 

Use thii space for monitoring procedure and calculations 



g.l MONITORING FUEL DURING TEST 

Note fuel feed measuring devices may he some distance from 

other instrumentation to be monitored. 
Coal (cUuiirted by ASTMD S88-66) 

Bituminous Sub bituminous Anthracite Lignite 
Coal feci flMaaurcd by 

Automatic conveyor scale 

Batch weighing - dumping hoppers 

Other (describe) 

• None 
Uquid CcMil fuel 

Crude Residual Distillate 

Liquid fuel feed mcasurtd by 

Volumetric flow meier, make model 

Other (dcKribe) — = 

None 
Gaseous fa«i1 fuel 

Natural gai Hropam Butane 

Other 

Gaseous fuel feed measured by 

Volumetric flow meter, make . . model 

Other (deKribe\ ^ 

Other 'fuel (devribe) 

Other fuelfeed measured by . 



FUEL ANALYSIS 

Proaimate analysis— as fired aoJId and liquid fuels 

Component 96 by Height 

Typir.l This test 

Moisture 

Ash . 

Volatile matter 

Fixed carbon . 

Sultur . 

Heat value. Btu/lh.___ 

or ultimate analysis - which includei the proximate analysis plus 
the following 

Nitrogen 

Oxygen . — - — — 

Hydrogen . . . 
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i.S MONtTOHING BTU INPUT lY HEAT RA TC 

Of BOII ER-CENERATOR VSVT ASP 
Rw-NrOU I »i;i ME FEU WHEN APPLICABLE 



Pur|Mm* i% tn irrvr 4 check un othfi vaUuUuoii prmfiiuic^ 

Bciiirr nmrriiior iw . Btu kw hr Hi dt 

ifitf i»4tbt4mril trniu favihcy teiiroirnldlivt* I he h^at uu* 
curve ti miirr trvu?Atr if i orrritions for hc4t 
tciii|N*ri»turr. rchrdt irTuptMamic ami iimtlenser back pirMUre 
are appUrii for thr tett load i'Dittiitioii 

Rrcord dau from generator output mccer 



Time 

End tctt 

Hejjiri ic«i 

llifferrncr 

Kw hr«. grnrratrd during trtt 
Htu input during tnt - 

hra K^ncratcd X hrat rate (Btu Kw hi.) 
Btu niput during trit 

— ^ X . a btu 



Meter readinn 
Kwhr Output 



1.7 OTHER INSTRUMENTAL DATA 



Ethaust iiai icfn|)eN<urf ju^t hi'ftitr tht> a p i drvitr 

Ma* Milt ^l- Avg .^h 

Primary * Sectmdarjr 
Uraft Cx)llector CoUrcior 

Hrlort* von If ul device — in li^O in H^O 

After mnircii device , . in in HgO 

Cumbuittun recorders (imluatr ihme avaiiablr) 
CO«i Opaiity 

Obtain tupy ul recurdeii •«aiia! and mark beginning atid 
ending time of teit ^ 

" Soot blowing 
Wa« )oot blowing to be included inahe te«t period 
No Yet 

If yei. record linie and duration of looi blowing. ^ 



Special obaervatioai of any unusual operating conditions 



S.6 MONITORING STEAM GENERATOR OUTPUT 
BY STEAM FLOW METER 

<UiuaUy combined with air flow) 

Steam flow measured by 

Integrator on steam flow meter 

Integrating chart from recorder 

(!alihracion date ^ 

Primary purpose of steam flow monitoring is to indicate the 
load on the boiler during the test to observe and communicate 
to teat team ieuder sudden significant change in steam flow 
which would be accompanied by aignific.int changes in gas 
<1ow Steam flow and flue gas How chatiges parallel each other 
closely 

Record data by integrator on steam flow meter 

Time Integrator Reading 

Knd irst 

Begin lest . . 

Difference 

AUernaie factor ,^ 

I otai sieani !low during irst . pound* 

Steam chart 

M4rk begmning and end ol teit runs on the steam chart and re* 
quest a copy 

Than marknl <i.id copy recpived 



8.8 ELECTROSTATIC PRECIFITATOR--CHECKUST 
FOR CONTROL D£V1C£ MONITOR 

Parameters of design and operation a fleeting perCorutnce 

Monitor name _ Test date - - _ 

Design efficiency , 

Kectifier power output Design DuriiOg test 

Voltage, kilowatts . 

Current, milliumps . 

Sparking rate, sparks/min ^ 

Gas volume, acfm . 

Gas velocity, fps , 

Gas temperature. *K 

Kan motor, amperes 

Electrical fields in direction of flow , , 

Number of rappers in direction of flow . 

Other method of cleaning plates 



ESP rapping sequence 
Normal 



During test 



Hopprr ash removed sequence 

Normal .^^^ 

Nnirs of unusual conditions during test 




MONITOR 

rarimttrn c4 d«tgn ma 0|icratiofi ■Heating perform»iKe 
Monitor n«mf Iciidtttc . 

Vf ntuti Wtte Oihf r 

Tuihut<*ui hn\ i^prdy 

DftiMt^uirlliiifiicy 

Dctiga During ten 

Hietiure drop 4crtiM urubhfi. 

in HgO 

Noiilr prctiurp. ptHimU U{ m ^ „ 

(■ai volume flow imt ol 

M'ruk^ber. v\m ^ 

Mn rnuior Bmperrs 

Li<)uiii now rate to Kruhber . 

HaI min 

l iquid g4s rates. I.' R ____ 

Heciri uUiiun »f Krubbing 

liquid ^ ^ ^ 

(Ui irmpcraiurr of nrubb^r »„_ 

Hteiondtiioning or dilution air . 



Uuring teii ^. 



Ram of usual cond it ioni during lett 



I.ll CVC:M>Nl/MULTI€:Y€LONe"-CHCCKLIST 
rOR CXINTROL D£VIC£ MONITOR 

l^aramttert of dctlgn aud oficraiioii afCeciing perCormancf ^ 

Monitor namr „ Trstdaie ^ , . 

I>esign pffidf ncy ^ . 

Iktign During tcM 

Prmuir drop acruM 

Collector in HjO - .^^^ 

(Us volume, tcfm ...... ^ , 

Gas tempera turr «^ . . 

Fan motor amperes „ 

li the collector leciionaliied wiih dampers (or control of 
No Yes 

If yci, how were dampen poiitioiied during test? 

Hopper aihx removal sequence *" ' ♦ 

Normal - 



During test 



Notts of unusual condition} during test 



0JO FABRIC FILTER^HECRIIST FOR CONTROL 
DEVICE MONIirOR 

Parameten of dctign and operation affecting performance 

Monitor name _ ^ . Twi dale 

Pressure drop acroas Di»ign During test 

CuUector in tf^O 

Juii after bag cleaning , 

Ju« before bag cleaning 

(;at volume to bag house, acfm 

Fan motor amperes 

l ype of cleaning 

Shaking numl>er of rompartmenti 

Reverie au flow number of comparinirni^ . 

Rrprruunng number of rnmpartments 

Pulse jei (cleaned while on stream) 

Oiher 

Cleannig cyclr 

Nonnai . . ■ . 



Durmgtrtt» 



Hariuulair rrmoval lequnue 
Numval ^ 



Ourmg tr»t 



Notci of unu^uji < tiiul]i.()ti& durmg icu 



PmtmdiniminK tn liilutxtn an 
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The observer must be familiar with the process to be sampled. Whenever 
possible, the ameiuy tieUl inspector should hv ihv observer for the process and con* 
trol equipment. If the process is large or complicated, the t>bservcr may be aided 
by a process control c^ngineer from the agcnc y. An emission tc\st run at the wrong 
process rating or without sufficient process data will not ccmstitute a valid test. 
Familiarity with tlu spc*cific process can be acquired through one or more of the 
many inspection manuals prepared by the Knvironmental Protection Agency for 
this purpose. Miese manuals will indicate the methods and devices employed in 
monitoring process rates and/ or weights. 

Conducting the Test Some compliance tests may be routine enough that a 
pretest meeting on the morning before sampling begins will be sufficient to provide 
a c(m)plete understanding between all parties involved. 

The rc*view of the team leaders test protocol should have initiated the formula- 
lion of the observers sampling audit plan. The observers audit plan should contain 
the tentative testing schedule, facility baseline conditions preparation or modifica- 
tion of observer's checklist, anj^ details for handling irregular situations that could 
occur during emission testing. 

The sample testing schedule should allow the observer to plan his duties in a 
logical order and should increase his efficiency in obtaining all of the required 
data. 

The observer s testing forms normallv should need little modification. Any 
acceptc?d modification to riie normal Sompling procedure should be covered by 
additional checks from the observer. 

The observer should be prepared to handle any nonroutine situations that could 
arise during sampling procedures, A list of poteiitial problems and their solutions 
should be made before the actual testing. The list should include minimum 
sampling requirements and process operating rates. The observer sliould also know 
who in his organization is authorized to make decisions that are beyond his own 
capability or authority* 

The number of agency personnel observing the performance test must be 
adequate to ensure that the facility operation (process and control equipment) is 
monitored and recorded as a basis for the present and future evaluations. The 
observing team should be able to obtain visible emission readings and trans- 
missonieter data for comparison with measured emission rates and should be able 
to ensure that the prescribed agency testing methodology was followed. 

The plant representative should be available during testing to -nswcr any ques- 
tions that might arise about the process or to make needed process changes. It 
should be understood that, if any problems do arise, all three parties would be con« 
suited. Since the observer may approve or disapprove the test, his intentions should 
be stated at the pretest meeting. 
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Boforr actually proceeding with ihe lesi, ihe olmMvur should check ihe calihia- 
tidii toims lor the specific equipmeat to he used. As a niiainiuni, these should in- 
cluch' calihiation ot liie: 

• Pilot lube 

• Notnogiaph (it used) 

• Dry (ias Meter 

• Orifice Meter 

It there is any question as to whether pro|)er caUhration procedures were toUowed. 
the ()rohlem should he resolveci before initiating the test. 

During the lest, the outward behavior of the observer is of utmost importance. 
He should perform his dutit\s quietly, thoroughly, and with as little interference 
and conversation with the source test team as possible. He should deal solely with 
the test supervisor and plant representative or have a clear understanding with 
them should it become necessary to communicate with the source test technicians 
or [)lant operators, Conversely, he should exercise caution in answering queries 
from the source test team technicians and plant operators directly and refer such 
ipquiries to their supervisor. He should, however, ensure that sampling guidelines 
are adhered to and inform the test team if errors are being made. 

Several checks must be made by the observer to ensure adherence to the proper 
sampling procedures. To eliminate the possibility of overlooking a necessary check, 
an observer's checklist should be used for the sampling procedures and facility 
operation. An example of one of these checklists is included. 

I () understand the relative importance of the measurement of parameters of 
emission testing, the observer should know the significance of errors, A discussion 
of errors is given in a preceding section of this chapter. 

Generally, it is best to have two agency observers at the source test. If only one 
observer is present, however, the following schedule given should be followed. 

For the first Method 5 run, when the facility is operating in the correct manner, 
the observer should go to the sampling site and observe the sample train configura- 
tion and the recording of the initial data, l^he observer should oversee the initial 
leak check (and the final post test leak check). When the observer is satisfied with 
the sample train preparation, the test may be started. The sampling at the first 
port and the change-over to the second port should be observed. If satisfied with 
the tester s performance, the observer should go to a suitable point from the stack 
and read visible emissions for a 6 minute period. 

The facility operations must then be checked. This includes data from fuel How 
meters, operating monitors, fuel composition, V factors, etc. Also check data from 
continuous emissions monitoring equipment suc h as opacity monitors and SO2 
analy/ers. This data will he useful in evaluating the Xhnhod 5 data. If the [)roces,s 
and control equipment hav(^ operated satisfactorily and the data has been recorded 
as s{)eeified. the observer should makt* anotluM* visihK^ emission reading for (i 
minutc^s. then return to tht* sample site to observe the* completion of the test. The 
final readings and the l(*ak clu*ck after (he compU*tion of the tt\st are two of tlu^ 
more important items to hv chvckvd. 1 he transport of [hv sample train to the 
cleanup area and the sample* recovery should iluMi bv ol):,erved. 
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Sampling checklisui. 



% 

Sui k iltu 1 1 ruu U C ItUH ilinu ii\HHi!i . 

i*i)ui%4trui (iiaiiirti't 

M4ii*lulot iniuirunitm wiunnifd^ . . Uwkn* 
liuniui 4|»|x'rfi4niiM(>iUHlvil/ ^ 

r4knlp4HUul4if ihi(km*i* 

ItisuUlUm^ _ ituvkiicM linuig? iliukmvH 

Ni|«plf!* . • in trt»gi?i Uu^h wiilunaiiU' wall'' 

Siulghl luu lirltuc jHiiiH lUaiiU'irn „. . . 

.Siiaighi luu iliei pom , Uumrifr* 

HutiwukciW — i)Ului_. 



Minimum informaiicm on drawing: itark/dutt dimensunu. 
Imaiion ami drscriptlun of majur disturbaiirci and all minur 
diiturbancn (damprn, iransmliUMnrirri, rli-.). and crina wc- 
lional vicM ihuwinR dimcntion^ and (Kin liHaiiont. 

8.JS RUN ASSEMBLY/UN AL PRfcPARA HONS 
(U»e one ihcci per run if necmar y) Run tf - 

filler holder ilcaii before tesi^ 

FiluM holder awemlili'd niiriiilvr „. — 

I'lobe hue! clean before ie*i> nonlfiliMn' 

Mo//ly lytdiimax^d.'' - . - 

liiipinxer^ i leaii beliire ivMf . » 

iinpinx(*r% c brfrgpil rot rrvilv.' V es 
lUU jomisur H-it'w joinis^ KViMseiwd^ kma otxrcasr 
Piioi lube tip midani.iKed' . . 

piioi lines rhetked for leaks' . pluKK"^M'- 

Mrier box leveled? puol nianonu'irr /riwd? .... 

orilke niauonieier /rroed* 

Vrohr markiiiK^ torreri* probe but .ilonj; i-miTc Irnxtbr . . 

Killer rompartmrnt hot ' _ trmjKTjture in!iKiiMtu>n avaiUbU*'-. 

ImpinxiM^ iieil down.> ibeiitionirrrr riMtUnx projH'rlv? yi** 

Uurotneinv previurc nieasuied' if not. wliai ijjsinitir of data ... 
from most rei nn t abbianon « . ; 

.iMjj^ fioiit I berk agrtimt drv Ra.s meu'j _ . 

Nomograph chi'i k 

\[ - I 80 IM lOO^F. %H2"~ 10% ,^ ^ 

C .' [) 'if, {[) ',f,> 

I! i: • 0 Mf» IS •ioo'^f ON 0 a7'>. S\^ 

ivtvrvmv ■' \ 17 {0 l!H) 
\\\^iy ^p 1 0 v^nh SH 10. ®Ap » 01 AH 01 lO I) 
hoi nonioxraph >ri \iy 

bjoiinaJed meter urnj«*iaiun* . rviiinated 

\.ilofol ^\ Pj„ . .. 

K\n«natiHl D'oiiturr « oniiMU how pMiioaird- 

l.fjiior cMiinatpd «ai k ipniprtaiuu ""l- 

de'Miril no//lr tliamf ipt 
Stat k ihrtt!ioi)iPtri rhri krd aK-nnvi anibirm innpt i alurr- 
I f.ik \r\l pprtoinird hrh»rr vtai i il varnpbnj;' 
I. lie rJin ni H>» 



H.U GrNi;RAI./HAMPUNG mXtM 

Sainpl}ii>i nu thuU u' ^ H'A 'i} . — 
MiHlduAii^ins io»und4id u»ciIhmI ^. .. . 

I'uinpiyjK' Jdieivutt** Willi III line oilri . 

larhtinvaiu' . _ - diaphtagin . . 

|»iol;eUnri nuicrul . healed ... emtie lim^ph .. 

Ivpe'S pmmubr'.^. i^thiM ..^.^.^ 

l*ifoi itdie < onnevii'd lo inrliited maiuiiueier 

' ill iiumirhf lu gage ^ ^ 

fanxe appiox Malrlfii|{lh . diviiunu 

Olhi e ineier l onnei led u>; iiu ttnrd inanonieief , — 

i»r »naH»pbt*bi xaxe ^ tanxe . 

appiox M-alelenjith . divniorn. .. 

Meier Ihih brand tamplf bon brand 

Hi«i*iti i abbialmn id «rdiie mvier diy ^as meiei? — ^ 

pilot lubri . nttitlei — ^ 

ibi'inuMueiiMsoi ihermocmiplei? . ... nuKiiehelit gages- 

Nunibr! ol satnplmK piiinis iraviMv.* fnmi h'd. Reg 

number n» be used — . — — - 

t cngib (d Hamplin){ tune poini d«iied 

tiuie to hi' used . , > 



H.)5 SAMPLING 
(Use one ihc€i lor each run il netcisary) Run » . — 

yivhv sample box nuneineiu lei hiiitpie 

Is no2/Ie sealed when piobe is in sUik wiib pump turned 

Is I are lakeii to avoid scraping nipple or siai'k wall? 

Is an effeiiive seal made aiound piobe 

at jHirt opening/ . — . . — — - 

Is protH' seal niade without disturbing flow 

inside slat k> — ^. - . - 

Is probe moved to eat b point at the projjer iimeJ> 

Is probe marking sysieni adequate to properly locate each 

ponu> 

Was noizle and pitot lube kepi paiallel to stack wall at rath 

point/ . — ^ . 

n probe IS disconnected trotn filter bolder with probe in the 

statk on a ncg.iiive pressure source, bow is partuulate 

matter in the probe prevented from being sucked back niio 

It iilters are rban;',ed during a run. was any 

partii ul.ire lost? „ — ^— — 

Meierhi»x operation 

Is data recorded in a per!n,^nent manner 

are data sheets loinplete? 

Average lime 10 reach isokinetic rale at eat li point . .. .._ . .. 

h nomoxiaph setting i hanged when stack leinjwrature 
t banges sigmnianily _ 

Are veloi i<v prevsiires ( A^) read and irtiuded accurately. 

U leak test j>erforrned .11 1 ompletHMi tl run^ . cfm * m Hg. 

Probe, filter holder, nnpingers si-alcd ailequatelv 

after test' ... .. 

(r«»neral content on s.implmg ii't hoitpies 

II Orsai analysis is done, was ti from stack 

f rcJirnniegraicd bag^ ... ... 

\Va» h-vsvsiem leak teMcd-' ... wasor^at 

li ak leMed' i bei k aganui air- 

It dai.i sheets i annoi be copied record appuiximaie Mat k 

i»'tnperaiuff . . "I 

nct/;ledia hi \t)lunie nx'ieteii A(il- 

tilM S Ap readings 
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U lUv i)bsv\\v\ is saiisticd vviih all saiujilinj; prcHiHluivs (luring i\w iiisi run, then 
<luiiiiK (he HtHcitul tun tinio will hv k}umu oUsim vinj;^ ihv proem monitors, with the 
rkirpiion ot i lm kinjt* tlir sanipiin^i} i(»ani d\,ihv vud ol thr sainplinjy!; period. Durinj; 
th(* sriond run. two (> niinuir visible ( mission rradiuji^s siiouUi hv txuxdv with a 
i hixk ot {\\v tai iliiy operations briwtvn risuiinj»s. I ho obsi rvrr should bo satisliod 
that tho tacility data rocordod aro truly reprosonlaiivo of the tVcihty operations. 

A visual observation ot the partiiulale buildup ou the liiter and in the acetone 
rinse tVoni the liisi two tests should be correlated to the visible emission readinj»s or 
transmissonieter data, l his i c)mj)arison ot particulate collected will be valid only it 
the sample volume> were approximately the same. If the particulate catch on the 
filter and in the aielone rinse for the second test was consistent or greater than the 
visible opacity correlated to the first run. then the observer might need to spend 
more time overseeing the lacility operations. If the seiond run, when conelaled lo 
tUv opacity, is less than the first test, more lime might be s()eni in observing the 
emi.ssion test procedures for the third run. 

Regardless of ilie main em[)hasis of the third run, the ob.server should still per* 
form ceiiain obsiM vations. The observer again should check all facility operations 
before testing. Two b-minute visible emission readings shouUi be made with a 
check of the lacilitv operation inbetwevn. I'he sample recovery of all tests should 
be witnessed, and the apparent paniculati^ catch compared to the opacity readings. 
The additional time can be spent by the observer checking suspected weak points 
nr problem areas. 

Recovering and Analyzing the Sample The observer should be present during 
sample recovery. It is imperative that the sample recovery and analysis be done 
under standard procedures and that each step be well documented. The report 
may uliimaielv be subject to the requirements of the Rules of Kvidence. Therefore, 
the observer sliould have a sample recovery checklist to ensure that all tasks have 
been pertormed properly. 

To reduce the possibility of invalidating the results, all of the sample must be 
carefulU ren\ov<ul \\ou\ the sampling train and placed in sealed, nonreactive. 
numbered containers. It is reconuiiended that ilie sample be delivered to the 
Kil)oratorv for aiialvsis on 'Me same day that the sample is taken. If this is imprac- 
tical, .ill ilie .sam[)les should bt^ [jlaciHl in a carrying case (preferably locked) in 
which thev dre protected from breakage, contamination, loss, or deterioration 

The samples should be pro[)erly marked u> assure positive identification 
ihiougliuui the test and analysis [)rocedures. The Rules of Evidence require im[)ec- 
cabli* iitrniiticaiion ot sam|)les. analysis oi* which may be ilu^ basis of future 
(^vuU-nic. An admission hv a lah analyst that hv lould not he positive whether he 
analy/ctl nplc b oi sample !). h)! t'\atn[)lc. could destro^ the validity of an entire 
u'poi I . 

PoMiiu- idiMiilii aiion alsn must \)c toi tlu* lilKis u.seM \\\ any s[)ecific 

{rs[. All idtMuilxin.n maiks should he niadt* hrfort* taring. 'V\Ar or more* digits 
.slu)uld suttue lo cnsuic ihr uniijuencss oi a tihn ior many (• s Vhv ink used tor 
niaikim; nuisi he nulclihic and uoath*((c{l hv ihr g<is(vs and leuipn aaircs io which 
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it will be subjecied, li any other method of ideiuilitation is desired, it should be 
kepi in mind that the means of identification must be positive and must not impair 
ilie fun( tion of t\\v fiher. 

Finally^ each container should have a unique identification to preclude the 
possibility of interchange. The number of a container should be recorded on the 
analysis data sheet associated with the sample througliout the test and analysis. 

Samples should be handled only by persons associated in some way with the task 
t)f analysis. A good general rule to follow is "the fewer hands the better/' even 
though a properly sealed sample may pass through a number of hands without 
affecting its integrity. 

It is generally impractical for the analyst to perform the field test. The Rules of 
Evidence, however, require that a party be able to prove the chain of custody of 
the sample. For this reason, each person must have documented from whom he 
received the sample and to whom he delivered it. This requirement is best satisfied 
by having each recipient sign a standard chain of custody sheet initiated during the 
sample recovery. 

To preclude any omissions of proper procedures after the sample recovery, tlie 
observer should have a sample transport and analytical checklist: 



8.16 SAMPLE R£COVKRY 



(irnrtdi pi\vi!(H\tneni tlrau up arra ^ . 

Wjsh bottles tle4n^ bruihes clr^tir bruihrs rusty 

Jjtstlrati? ai'rtonp gradr . midup tm rvap. spec. 

Kiltrv haiullret ok? . probe haiuilrti ok? 

unpni^ers handleti uk?^ „ 

After I'lcanup: filter boltierrlean probe liner clean? 

tioiilri'lean? impiagers t lejn.^ bUnka taken 

l)eji r!ptioi\ of collerteif particuUte . . 

Silii a gel all pink? run 1 run 2 _ run 5 

Jars atiequately labeleci? jaissealeti tightly? 

Liquid level marked f>n jail? jais locked up? 

licneral cumment* ou ei>tite sampling project. 



Was the ie!ii tram suprrvisi- 

this c hri klist? . . . 

Old hr do %o> 

Observer A name 

Affiliaium 




'TI the opportunity to read over 

tillr . _ 

«gnaturr . . . . 



Potential sources of (m ror in the analysis lie in the contamination of the sample, 
in the analyzing equipments procedures, and documentation of results. Since the 
analysis is otlen performed at a lab distant from the plant site, the observer is often 
not present at the sample analysis. If there is any question in the observer s mind 
about the analyst's ability to adhere to good analytical practices in analyzing and in 
reporting data, the observer has two recourse ^: he may be present during analysis 
or he may require tile analysis be done by a certified laboratory if one is available. 
This is, however, an utinecessary burden and should not be done as a general lule. 
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Duiinjir tht' analysis, any remaining portions ol the sample should remain intac t 
and pUutu in a safe place until the acceptance oT the linal rej)ort. Laboratory 
equipnuMU. especially the analytical balance, should have been calibraieil 
inMi^ediately before the sample weighing, rhe laboratory data and calculations 
mu.>t be well documented and kept in such a mamier that the agency can inspect 
the recording of any analysis u()on request. 

As noted in the lectures for this course, the observer should be aware of 
analytical tricks that can be used to bring a marginal test to within ± 10% of 
100% isokinetic. Care should be taken that the value for the nozzle diameter, or Cj 
does not change. Also, the Wjjgight of the impinger catch and silica gel for the 
determination of B^^^ should'4iot be changed to accommodate a % isokinetic value. 
It has beei suggested that to ensure an unbia.sed test, the observer could supply the 
source tester with his own preweighed filter and prcweighed amount of silica gel. 
This may be extreme, but necessiry in special cases. 

Submitting the Rep<Tt Upon completion of the compliance field test work, the 
observer can begin the final task of determining the adequacy of the compliance 
test data. He will be required to write an observer s report for attachmeuv with the 
source tester's report. The facility operation, the data, and the field checklists 
should provide the observer with sufficient information to determine the represen- 
tativeness of the process and cootrc.*' equipment operation and the sample collec- 
tion. All minimum conditions ^nould have been met. If the observer suspects a bias 
in the results, this bias should be noted. A resulting bias that can only produce 
emission results higher than true emissions would not invalidate the results if 
the plant were determined to be in compliance. Therefore, any bias that may 
occur should be listed along with the suspected direction of the bias. 

The test team supervisor is responsible for the compilation of the test report and 
is usually under the .supervision of a senior engineer who reviews the report for con^ 
tent and technical accuracy. Uniformity of data reporting will enable the agency to 
review the reports in less linu' and with greater efficiency. For this reason, a report 
format should be given to the test team supervisor along with the other agency 
guidelines. 

Tht* first rcvirw of ilie test rt*[)ort should be in: cie by the observer. The observtu 
should check all calculations and written material for validity. One of the greatest 
[>ic)bleins in compliance it\sting is in tlu* calculation errors made in the final re{)ori. 
Seveial ageiuM(\s have goiu* f) iht* exirenie of having the obstMver recalculate the 
rt\sulis from ihv raw ciata to tlnd any error more (*asily. Errors should be noted 
along with eoniiniMit.s by tlu* ()bs(M\(M*. Although iht* conclusions in the obseiver\s 
it*[K)M art* not th(* final authority, they shoiilti carry the gri^iiesi amount oi weight 
in the final dc ision tonctMning tlu* r(*piestMUativ(Mu\ss ot the icsi. 

BiH tUise of the inipoi tanct* of tlu* oh.stMvtM s r(*[)orl aiui th(* [)o.ssil)iliiv that it niav 
l)t* u.s(h1 .is (^vidtMict* \\\ court, the ohstMAtM' should us(* a standard report tornuu that 
Will co\(M all ar(\rs ot rt*pres(MUativ(MU*ss in a logical manner. An twaniple ol an 
ohs(M\ei s rc^port forniiit is pitvsenttui. 




H I? OBSCRVrk .S RKPOR ] lORMAT 



C4>vrr 

1 HUiii lumr and lucjtiuii (l'c*Ufral A^CK) 

2 Simrir S4am|>(r(l 

'I IrMUig (iiiii 

5 Cuiurol 4geiKy 

Ckrcinciilon 

\ Crrtilii4liim by ohHM%ei(«) 

2 l>rtilti4i{un by author if noc nhvrver 

% rrrtiriciiiiuu by key 4griu y periuntifl 

Imroduction 

I Agrncy nainr 

li Purptar for obirrvpr i icpuri 

% Hurpoie for icti 

i HUni name, location and prixru lypt* 

5. Vfti dam 

6 Ftdlutanti mtrd 

7. Applicable rr^uUtiont 

H A^rnty in'iiona 4nd perwinnrl direcily iiivulvrd 

Sumnury of RepmenuiiveiMti oi Dau 

1 CiHnplianrr trsi priKWol 

2. Calibration of umpling rquipmrni 

S ProiTu data 

i Control rquipmrnt data 

5 Sampling procedum t 

7. Analytical procrdurn 

H. Conipliancr tnt report 



(Hrillty Operation 

1 IVMrtpiion (if pnH(*iMk.and lomrol dr^uc- 

2 Urfsriirr mnditiiuu 

1 ()hM*ivrr'ft faiility data (ihriklisti) 

I K('prrM*ntaMvnirt& of priHesv ami ioiiiml lU'vuc 

T) Hasclinp ronditioni Ipi a^rniy int|>ciM)r 

Sampling proccdurct 

1 Aitrptability of tanipie p<irt and |K)in( loi'aiioiis 
Conipliancr tnt protmol 
Calibration of lampling cquipmrnt 
Obscrvrr'i sampling' data (chrcklui) 
Kcpmrntativriirts of lampling 
ti. Obtrrvrr's tamplr rrcovrry data (chccklnt) 
7. Rrprneniativrnru oi rrcovrrvd taniple 
8 Ohsrrvrr'i analytical data 
9. Rrprncntativcnfu of lample 

Compliance Test Report 

1 Introduction 

2 Summary of rraults 
S Facility operation 

4. S^mplitig procedures 
f). Ap|)endices 

AppcndlcM 

A. Copy of pertinent regulationi 

B. Related correipondonce 

C. Compliance leit protocol 
n. Obierver i checklists 

K. Observer I test log ^ 
F. Other related material 



In addition to the determination oi representative data for the compliance test, 
the observer should report all. conditions under which the facility must operate in 
the future to maintiim their conditional compliance status. These conditions will be 
reported to the facility as conditions of their acceptance. 

rhese reports aud the conditions of the compliance acceptance will provide any 
agency inspector with sufficient data to conduct all future facility inspection trips. 




Chapter 9 

Additional Topics 

A. SOURCE SAMPLING TRAIN CONFIGURATIONS 

The KnvironiiuMUal Prou-ciion Agency has developed lesiing procedures lo 
evaluate the standard of performance for stationary sources. The Federal Register, 
August 18. 1977. describes the reference methods to be used for the performance 
test and ouiUnes in Reference Method 5 the procedures and equipment to be 
followed in iletermining paniculate emissions from stationary sources. An 
equivalent method subject to approval by the Administrator may be used when 
emissions from a given facility are not susceptible to being measured by Reference 
Method f). The Reference Method determination of particulate emissions is based 
on the Federal Register definition of "particulate"; in Subpart D §60.41 (c): 
"Particulate matter" means any finely divided liquid or solid 
material, other than uncombined water, as measured by 
Method 5. 

ri:is is a legal definition, i source test engineer must also have a scientific 
definition. 

Reference Method f). as written in the August 18, 1977 Federal Register, is 
presented schematically in Figure 9-1., 





Of icmpcrature ipecified 
in lubparu of 40CFR60 



Filter mainuined at 



Condenser— Pump— * Dry gai meter 




Orifice meter 



Figuic 9-1. Schematic diagram of Reference Method 5 



Analytical procedures for the method require the following: 

1. Filter glass mat and particulates be desiccated to constant weight 
±0.5 mg. 

2. Probe, nozzle, and filter holder be washed with acetone. 

a. Acetone blank (iOO ml) evaporated at room temperature and pressure. 

b. Acetone and particulates evaporated at room temperature and pressure 
in a tared weighing bottle. 

c. Particulates desiccated and weighed to constant weight ±0.5 mg. 

3. Silica gel weighed to nearest gram. 

4. Volume H2O in condenser measured and recorded. H2O discarded. 

The schematic sampling train and the outline of the analytical procedure re- 
quired constitute a scientific definition of the '^particulate.'' The temperature and. 
pressure at which a solid or liquid particulate is caught on the filter mat are 
defined. Also given are the portions of the sampling train which are analyzed for this 
particulate.. 

There are a number of other source sampling methods available for isokinetic 
sampling. The configuration of the sampling train and the analytical procedures 
employed can effect the definition of **particulatc matter.'* 



Stack 




Orifice meter 



Filter 



Heated 



Cxindcn8er'~ Pump— Dry gas meter 




r 



probe 



Figure 9-2. Schematic diagram of an in-stuck train. 
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The In-Stack Filter 

A schemaiic; dia^fam of an in jiiack train is illusiratod in Kigurt* 9-2, The filter is 
maintained at stack temperature and pressure, The analytical procedures are an 
important factor in defining the total "particulate matter" sampled by the system. 

Typical analytical procedures assess particulate matter on the filter mat only. 
This system would, therefore, define only solid or liquid particulates at stack 
conditions. Particulates penetrating the filter and settling in the probe or condenser 
might be ignored. Gaseous pollutants that might be solid or liquid at 248''±25<'F 
would be trapped in the condensser. If analysis excludes the condenser catch, these 
particulates would not be part of the "particulate matter." The gases c6ndensing in 
a water trap could become complex and form psuedo-particulate that could bias 
the .sample. The use of this type of system must be carefully evaluated in the 
context of the test objectives and source operating conditions. 




Orifice meter 

Condenser Filter — Ckindenser— Pump— Dry gas meter 
t 

At ambient temperature 
and prfjure 



Figure 9-3. Schematic diagram of EPA Method 6 (Modification No. 1) 



EPA Method 5 (Modification No. 1) 

The .schematic for this modification is illustrated in Figure 9-3, The system uses an 
out of stack filter at ambient temperature and pressure. The filter is located 
between the firsf and second condenser. This is similar to the diagram for Federal 
Register Method 8. It traps gases and liquids and solids in the condenser and on 
the filter. The system could be used for particulate sampling. The filter particulate 
matter would, however, be trapped at a temperature much lower than the 
248'^±25°F recommended for Method b. Analytical procedures for particulate 
matter in the first and second condensers could be biased by psuedo-particulate 
fornidiion. When used for particulate testing, this system must be evaluated in the 
context of test objectives and source operations. 
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lie 



\ 




Suck 




Orifice 




meter 



Heared 



probe 



t 



t 



At ambient temperature 
and 1 atmosphere 



Gat at 
lUck 

Condi tioni 



Figure 9-4. EPA Method 5 (Modification No. 2) 



EPA Method 5 (Modification No. 2) 

This modification depicted in Figure 9-4 shows filters located both behind and in 
front of the condenser. The front filter is maintained at Federal Register 
recommendations of 248^±25°F. The second filter is at ambient temperature and 
pressure. This system would trap particulates on the filters and in the condenser. 
The selective analysis of \arious parts of the train could be very important. The 
system could be subject to the biases noted in the other systems. It can, however, 
give a full assessment of particulates emitted at a source. 





Gas at 
suck 

conditions 




At 248°±25°F<120°±14°C) 
and 1 atmosphere 



Fiher 



Condenser 



Pump ~" Dry gas meter 



Orifice 
meter 



Figure 9-5. Combined system. 



The diagram (Figure 9-5) shows an in stack filter backed up with an out of-stack 
filter maintained at 248 ^± 25 ^F. The systeai could assess in-stack particulates. 
Method 5 particulates, and ambient particulates. The scope of particulates 
measured would depend upon the analytical procedure. 1 his system could be a 
useful research tool. 
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Summary 

Thv Clean Air Act vquires that air pollution be prevented and controlled. The 
Federal Regulations emanating from this for control of source emissions require 
source emissions performance tests. Particulate emissions testing procedures are 
outlined in Federal Register, August 18, 1977, Method 5. Alternati\: procedures 
may be u.sed if the Method 5 test can not bo performed at a given facility; these 
alternative procedures must have Administrator approval. 

The regulations define "particulate matter" in terms of Reference Method 5. An 
examination of the Method 5 system gives insights into the scientific definition of 
particulate as assessed by this sampling method. Alternative systems to Method 5 
can have an effect on the definition of "particulate matter." "Particulate matter," 
as defined by these systems, depends upon the temperature and location of the col 
lection filter and the selective analysis of sampling train sections. Any sampling 
system used for a particulate emissions performance test must be capable of 
assessing the best available system of emissions reduction. The sampling train must 
be designed and analyzed within the context of these objectives and source 
operating conditions. 



3. REPORTING IN UNITS OF THE STANDARD: F-FACTOR METHODS 
F Factors: Introduction 

The use of the F factor in calculating particulate emission levels from new sta- 
tionary sources was promulgated in the October 6, 1975 Federal Register. The F 
factor is intended to reduce the amount of data necessary to calculate particulate 
emissions in terms of the standard expressed as pounds per million Btu heat input 
(Ibs./lO^ Btu). As mentioned earlier, there arc currently three types of standards 
for particulate mass 

concentration standards Cjj (ppm, grains/ft^, grams/dscm) 
pollutant mass rate 

standards pmrj. (Ibs/hr, Kg/hr) 

process rate standards E (Ibs./lO^ Btu, ng/J, lbs/ton) 

The emission rate, in terms of the units given in the New Source Performance 
Standards, is related to concentration and mass rate in the following manner 

(Eq.9.1) £=-^=f£^ 

where is. of course, the stack gas volumetric flow rate (units of ft.^/hr., 
Nm3/hr). \ 

and 

Q// is the heat input rate, the rate at which combusted fuel supplies heal i\the 
boiler o.' other heat utilization system (Biu/hr. Kcal/hr) 
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By Umensional ^nalysls, it can be seen that ihc units of E in terms of pollutant / 
mass per unit of heat input are 

/ 

(Eq.9-8) . = r^fc^ ^nfi ^/hr ) ^ ^^^^ / 

/ Iflfifl/u/Ar lO^Btu /hr ' / 

/ 

To^^btain emission rates in units of Ibs/lO^Btu, it is necessary for the source 
sanipler to obtain the following information; 

/ 

L pollutant concentration, a. pollutant mass captured 

b. dry gas volume sampled 

2. effluent volumetric flow rate, Qj a, stack gas velocity 

b. stack temperature 

c. stack pressure 

d. dry gas composition 

(Orsat) % CO2. % O2. % N2 

e. moisture content 

3. heat input rate, Qji a. fuel input rate 

b. proximate analysis of fuel 

Although all of the quantities for and are obtained in a source test, the 
quantities making up the heat input rate Q^^ may not be easily obtained. Once 
obtained, their accuracy may be in doubt since the source sampler usually is not 
able to calibrate or check the accuracy of the source fuel flow meter. The represen- 
tative nature of the fuel sample and the accuracy of the fuel analysis itself may be 
difficult to determine. Consequently, a factor, based on simple principles of com- 
bustion was developed to avoid many of the problems involved in the calculation of 
£ By using the F factor, E may be simply obtained from the formula 

20 9 

^ ^ 20,9 -%02 

The K factor essentially rt^^laces the ratio Q^/ Q// and the term in brackets is 
merely an excess air correction » 

The F factor is useful in calculating emissions for particulate matter. In the case 
of its application to continuous monitoring instrumentation for gases, it is even 
more valuable. use of the F factor and its variants and F,^ factors), in 
reporting continuous monitoring data in terms of lbs /lO^Btu heat input, enables 
the source operator to monitor only the pollutant gas concentration and the O2 or 
CO9 concentration. Without this method, it would be necessary to continuously 
I'lonitor st ick gas velocity, temperature, fuel input rate, etc. This would be possi- 
ble. but impractical and expensive. 

In the sections below, the derivation and uses of the V factor, will be discussed 
turther. Also, the requirements ot 4{)CFRt)().4() for tht* ust* of the F lactoi in 
Method f) will be given. 
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Derivation of th^F Factor Method 

Before proceeding with the tlet ivation ol the F factor, it is necessary to give a few 
definitions used in combustion analysis, namely those for "proximate analysis." 
"ultimate analysis/* and /gross calorific value." 

Proximate analysis - a fuel analysis procedure that expresses the principal 

characteristics of the fuel as 



1. % moisture 

2. % 4sh 

3. % volatile matter 
4r % fixed carbon 



5. % sulfur 
Total 6. heating value (Btu/lb.) 

100% 7 ^jjh fusion temperature 



Ultimate analysis -the determination of the exact chemical composition of the fuel 

without paying attention to the physical form in which the 
compounds appear. The analysis is generally given in terms of 
percent hydrogen, percent carbon, percent sulfur, percent 
nitrogen, and percent oxygen. 

Gross Calorific Value (GCV)-also termed the "high heating value/' The total 

heat obtained from the complete combustion of a fuel. 
Referred to a set of standard conditions. The GCV is obtained 
in the proximate analysis as the **heating value." 

These definitions generally apply to the fuel **as received" at the plant. 

If one considers the volume of gas generated by the combustion of a quantity of 
fuel, the F factor relationship can be easily obtained. First, defining as the 
theoretical volume of dry combustion products generated per pound of fuel 
burned in dscf/lb, the following equality can be made 

(Eq.9-4) ^ / excess air \ ^ 



Q^y y correction j GCV 



Dimensionally, this says 



ft ^/hr ^ ft 3 
Btu/hr Btu 



and Q// can be determined at the source. Vi is obtained from the ultimate 
analysis of the fuel. 

Remembering the first equation given in this section, 

E= — — and substituting in Equation 9-4, 



Qh 



GCV I excess air\ 
\correctionj 
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The quantity Vi/CCV is tht'ii defined as the factor and the following 
simplified equation is obtained. 



/excess atr\ 
[correction) 



For h'A*A Method f), the oxygen concentration of the source must be determined 
simultaneously and at t|j^ same traverse. Since the excess air correction using per- 
cent oxygen is 



/ 20.9- %Q2\ 
\ 20.9 / 



.9 

the equation to be used for calculating emissions for EPA Method 5 is 
(Eq.9.6) E = CsFd ' ^^'^ 



(■ 



20.9- ro02 



As mentioned earlier, there are different types of F factors. The differences arise 
in the way in which the excess air corrections are determined. For example, the 
factor is used when the percent CO2 is dei^^-rmined instead of percent O2. (Note: 
the F^^ factor is not promulgated for use in calculating particulate emissions, 
although it may be used in reporting continuous monitoring data for gases). A 
table of F factors is given for reference. 

It should also be noted chat the F factor rnay be used with the percent O2 and Cj^^ 
determined on a wet basis if the moisture content By;^ of the stack is known : 



(Eq.9-7) E^c^^F^i 



20.9 



20.9(1 -fi^,)-%02a;. 



Ntur 1 In* svil)s(npt u sttiiuts lui rnr«isui miiciUn inatlc on .1 wci lutsis. All olhrr rtn*asuu'?tuMUs ar«* 
assuinrii i(» 1)1* ni.i(t«- on «i basis 
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^ 



Fac- 
tor 



Excess Air 
Uniu 



dscf 



w 



o 



tu 



dscf 



10^ Btu 



wscf 



Measurement 
Required for 

Emissions 
Determination 



%02 
(dry basis) 



% CO2 (dry or 
wet basis) 



106 B 



tu 



% O2 (wet 
basis) 



Calculations 



r 20.9 1 
[20.9-%O2d J 



^ L % C02 J 



J — 

* L20.9(l- 



20.9 



9(l-Bwa)-%02w 



] 



20.9 Fa 20.9- %02 



100 F. 



%G02 



Gommenta 



C5 deter- 
mined on dry 
basis 



Cg on dry or 
wet basis con- 
sistent with 

CO2 
measurement 



The "wet" F 
factor, 
and %02 on 

wet basis 
Bvv^ = average 
moisture con* 

tent of 
ambient air 



Miscellaneous 
factor useful 
for checking 
Orsat data 



Tabic 9-1. F factors. 



Calculation and Tabulation of F Factors 

The F^ factor method carries with it the assumption that the ratio, Vf/GCV, the 
ratio of the quantity of dry effluent gas generated by combustion to the gross 
calorific value, is constant within a given category. This ratio, of course, is the 
factor. 

Vl is determined from the stoichiometry of the combustion reaction; i.e., if a 
hydrocarbon is burned in air, gaseous products will result, the volumes of which, 
can be calculated. For example, 

C3 HgH^ 02 + ^2 -C02^ H^/y20f + A/2I . 
pro pa ne air gas es 
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For each pound of fuel umlergoing perfect combustion, a known amount of 
gaseous products will result. Using the stoichiometric relationsliij)s resulting from 
chemical reactions similar to the example above, and given the gross calorific 
value of the fuel per pound, the following relationships have been developed for 
the F factors. ' 

(Eq.9-8) 

J _^ 227.()(%//)-K9r).7(% C) -f 3r).4( %>S') -f 8.()( %N) --28.r)(%a) ^metric units) 
d 

1 0^H'^ <>4(%//) + 1 •r):H%C) + 0-^57(%.S) -f- O 14(%N) - 0.46(%Q)] (^iTfi^i^^fi ^^nits) 
(£q.9>9) 

{metric units) 

f - 32lxl03(%C) 
^ GCV 

(£q.9-lU) 

347 .4{ %//) + 95 . 7{ % C) + 35. 4( %S) + 8. 6( %^/) - 28. 5( % O) + 1 3 .4( %/-/20) 



F = 



GC V^ {metric units) 

10^[5.56(%//)-f L53(%C)-f 0.57(%5) + 0.l4(%iV) - 0,46(%O) f 0.21(%//2t^ J 

GCV^ ( English units ) 



If the source utilizes a combination of fossil fuels, a simple addition piocedure 
( an be used to compute the F factor. 

n 

(Eq.9-1 1) F^xFi + ^^'s 

XA\z --the fraction of total heat infnit dcriird from gasvoiLs, liquid, and solid fuels. 
resfjectivel\\ 

Fl.F^.F:]-' the value of F for gasi^ous. liquid, and solid fossil fuels, respectively. 

V factors hav(* been calcuIaKul for various types ol fossil and waste fuels, 
li has bt^en found that for a given type of fuel tl^* V factor does not varv ovtM* a 
signiiicantlv large rang(\ For exanipU\ for bituminous coal, the \\{ lactois ueie 
found to range from values of 9750 dscf 10'> to WM) dscf lO^Mitu. giving a ma.v 
nnum deviation from th(* mid()oint \alue ot 9820 dscf lO'Uitu of h^ss than :^ (hm 



!) 10 




cent. In general, it has been reported that the h\\ lattor can be calculated to within 
a ± I percent deviation and the factor can be calculated to within a ± 5.9 per- 
cent deviation. I'he calculated factors are given in the i)ollowing table. 



F Factor* {or Varioua Fuels 3|t) 



f U£L TYPE 


dscf/lOP Blu 


Fw 

wscf/lO^ Btu 


Fc 

scf/lO^ Biu 


F 
o 


Coal 










Anthracite 


10140 (2.0) 


10580 (1.5)* 


1980 (4.1) 


1.070 (2.9) 


Bituminous 


9R20 (S n 


10680 (2. 1\ 


i8in 4^ 




Lignite 


9900 (2.2) 


12000 (S.8) 


1920 (4.6) 


1.0761 (2.8) 


Oil 


9220 (3.0) 


10360 (3.5) 


1430 (5.1) 


1.3461 (4.1) 


(»as 










Natural 


8740 (2.2) 


10650 (0.8) 


1040 (3.9) 


1.79 (2.9) 


Propane 


8740 (2.2) 


10240 (0.4) 


1200 (1.0)* 


1.51 (1.2)* 


Butane 


8740 (2,2) 


10430 (0.7) 


1260 (1.0) 


1.479 (0.9) 


Wood 


9280 (1.9)* 




1840 (5.0) 


1.05 (3.4) 


Wood Bark 


9640 (4.1) 




1860 (3.6) 


1.056 (3.9) 


Paper and Wood Wastes^ 


9260 (3.6) 




1870 (3.3) 


1 046 (4 6) 


Lawn and Garden Wastes 


9590 (o.yj) 




1840 (3.0) 


1.088 (2.4) 


Plastics 










Polyethylene 


917S 




1380 


1.394 


Polystyrene 


9860 




1700 


1.213 


Polyurethane 


10010 




1810 


1 .157 


Polyvinyl Chloride 


9120 




1480 


1.286 


Garbage^ 


9640 (4.0) 




1790 (7.9) 


1.110 (5.6) 


Miscellaneous 










Citrus rinds and seeds 


9370 




1920 


1.020 


Meat scraps, cooked 


9210 




1.540 


1.252 


Fried fats 


8939 




1430 


1.310 


Leather shoe 


9530 




1720 


1.156 


Heel and sole composition 


9480 




1550 


1.279 


Vacuum cleaner catch 


9490 




1700 


1.170 


Textiles 


9354 




1840 


1.060 


Waxed milk cartons 


9413 




1620 


1.040 



Numbers in parentheses are maximum deviations (%) from the midpoint V factors. 
^ To convert to metric system, multiply the above values by 1.123 x 10 '^ to obtain scm/10^ cal. 
^ Includes newspapers, brown paper, corrugated boxes, mag::^^nes, junk mail, wood, green 

logs, rotten timber. 

Includes evergreen shrub cuttings, flowering garden plants, leaves, grass. 
^ Includes vegetable food wastes, garbage (not described). 

• All numbers below the asterisk in each column are midpt)int values. All others are averages. 
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Application of the F Factor to EPA Method 5 

U appears that much lonlusion has arism wiili u'^aid to ihe ust* i)t tho V tacloi in 
ii'poiting Mrih<)(i f) tlaui. In ihe Code of Federal Regulations, 4()CFR()l).4(). undi-i 
"IVsl Methoiis and I'loitHiuifs the New Source I'evtbrniance Stan(iar(is. enus- 
siuns expressed in terms ut lb/ lU^^ Utu are to be determined using the turinuia 

20.9 



(Eq.9-12) 



3 «♦ o/' 



20.9- %02 



Reprodui t d bt low is: TART 60-STANl)ARl)S OF PERFORMANCE FOR NEW 

STATIONARY SOURCES. • 

Subpart Standards of Performance for Fo^sil-Fucl Fired 
Steam Generators 



§ 60.46 Test methodH and procedurea. 

(a) The reference methods tn Appen- 
dix A of this part, except as provided 
In §60.8(b)» shall be used to determine 
compliance with the standards as pre- 
scribed in §§ 60.42, 60.43. and 60.44 as 
follows: 

(1) Method 1 for selection of sam* 
pllng site and sample traverses. 

(2) Method 3 for i?as analysis to be 
used when applying Reference Meth* 
uds 5. 6 and 7. 

(3) Method 5 for concentration of 
particulate matter and the associated 
moisture content^ 

(4) Method 6 for concentration of 
SOi. and 

(5) Method 7 for concentration of 

TB) Fb r IS e tTiocf' 5» MethoJ^l shall be 
used to select the sampling site and 
the number of traverse .sampling 
points. The sampling time for each 
run shall be at least 60 minutes and 
the minimum sampling volume shall 
be 0.85 dscm (30 dscf) except that 
smaller sampling times '^r volumes, 
when necessitated by provfss variables 
or other factors, may be approved by 
the Admmlstrator. The probe and 
filter holder heating systems in the 
sampling train shall be .set to provide a 
g;vs temperature no greater than 433 
K (320 F) 

(c) For Methods 6 and 7. "the sam- 
pling s le shall be the same as that se- 
lected or Method 5. The sampling 
point H the duct shall be at the cen 
troid 01 'le cross seclion or at a point 
no closr () the wall.s than 1 m ^3 28 
ft) For N. thod 6. the sample sha^i be 
extracted at a rate proportional to the 
►;as \elocity at the sampling point. 

d) For Method 6. the minimum 
.s.unpliru: time shall 20 minutes and 
Mie minimum sampling volume 0.02 
{t.tcm 1.0 71 cl.scf) for «Mrh sample. The 
.irnhmeiic mean of two samples .shall 
iDi^stiture (»ne run Samples shall be 
f.iken al approximai ly 30 rninuit* in- 




(e) For Method 7, each run shall 
consLat of at ieaat four grab samples 
taken at approximately 15-minuce In* 
tervals. The arithmetic mean of the 
samples shall constitute the run value. 
/ (f) For each run using the methods 
speclfleH by paragraphs (a)(3). (a)(4)y 
n th is se ctU 



and (a)(5) of this section, the emiS' 
s ions exp ^ essed in ng/J (Ib/mlllion 
Btu) shall be determined by the fol- 

[^lu w I n g""p r oceHiIr e: 

A^ 0^(20.9/20.9 - percent O.) 

where: 

(1) pollutant emission ng/J (lb/ 
million Btu). 

(2) C pollutant concentration, ng/ 
dscm (Ib/dscf), determined by method 
5. 6. or 7. 

(3) Percent Oa--- oxygen content by 
volume (expressed as percent dry 
basis. Percent oxygen shall be deter* 
mined by using the integra.t*.'d or grab 
sampling and analysis procedures of 
Method 3 a^s applicable. 

The sample shall be obtained as fol- 
lows: 

(i) For determination of sulfur dlox* 
ide and nitrogen oxides emissions, the 
oxygen sample shall be obtained si- 
multaneously at the same point in the 
duct as used to obtain the samples for 
Methods 6 and 7 determinations, re- 
spectively t§ 60.46(c)]. For Method 7. 
the oxygen sample shall be obtained 
using the grab .sampling and analysis 
procedures of Method 3. 



(ii) For determination of particulate 
emissions, the oxygen sample shaM b e 
5^ t D?^ -simuTta neously by traversing 
the duct atThe sam e sa mpling locati on 
used for each run of Method 5 under 



para g raph (h ) of this section. Method 
I shall be used for selection of the 
number of traverse points except that 
no more than 12 sample points are re- 
quired. _ 

(4) F a factor as determined in 
paragraphs (f ) (4). (5) or (6) of § 60.45 
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(R) When combinatiorui of fossil 
fuels or foasll fuel and wood residue 
are fired, the heat Input, expressed In 
wattH <Btu/hr). is determined during 
each testing period by multiplytnK the 
gross calorliT value of earh fuel fired 
cin J/ku or Btu/lb) by ite rale of each 
fuel burned <in k^/sec or Ib/hr). Gross 
oalonfic values are determined in 
oordance with A.ST.M. methods D 
2015-66(72) (solid fuels), D 240-64(73) 
(liquid fuels), or D 1826-64(7) (gaseous 



fuels) as applicable. The method used 
to determine calorific value of wood 
residue must be approved by the Ad- 
ministrator. The owner or operator 
shall determine the rate of fuels 
burned during each testing period by 
suitable methods and shall confirm 
the rate by a material balance over the 
steam generation system. 

(Sec. 114, Clean Air Act as amended (42 
U.S.C. 7414» 

(40 FR 46258. Oct. 6. 1975. as amended at 41 
FR 53199. Nov. 22. 19761 



There are three points that should be made here: 

• Only the dry F factor using percent O2 for the excess air correction may be 
used in the calculation. The and factors may not be used. 

• The o.\ygen sample is to be obtained simultaneously with the Method 5 run, at 
the same traverse points. This essentially requires that an additional probe be 
placed along witli the Method 5 probe and an additional pump be used to 
obtain an integrated bag sample over the duratio^i of the run. However, only 
12 sample points are required. If there are more than 12 traverse points deter- 
mined by EPA Method 1, an independent integrated gas sampling train could 
be used to traverse 12 points in the duct simultaneously with the particulate 
run. 

• I'he procedures in 40CFR60.46 apply to new fossil -fuel^^fired steam generators 
(new sources are those constructed or modified after August 17, 1971), For 
existing fossil fuel steam genetators. which are regulated by State standards, 
the State or local regulations should be checked for application of the F factor 
method. 



Other Uses of F Factors 

A. If values for Qj, the stack gas volumetric flow rate, and the heat input 
rate, are obtained during the source test, as they often are, several cross- 
checks can be made by comparing various calculated F factor values with 
the tabulatt^d values. Equations that can be used to do this are given below, 

(Eq.9-13) (20.9 -%02) 

F^(calc)= — 

Qji 20.9 

(Eq.9-14) , Q,w 20,9(\ -B^,a)--%'O2w 



(Eq.9-15) /v(ra/f)- 



20.9 

%C02 ^ Qsu^ ^^i^'^vv' 

Qyy 100 Q;y 100 
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If. after calculating F^, F^, or F^, a large discrepancy exists between the calculate^; 
value and the corresponding value in the table, the original data for Q^, Q^, and 
the Orsat data should be checked. This is an easy way of conducting a material 
balance check. 

B. Using a tabulated value for F^, F^. or F^^, and the data obtained during the ^ ' 

stack test for and %02 or %C0<2,, a value of may be obtained from 

the equations. 

C. If ultimate and proximate analyses arc available, they may be used to 
calculate an F factor using one of the equations. The calculated value can 
then be checked with the tabulated values and should be within 3 to 5 per- 
cent agreement, depending on the type of fuel and type of F factor. 

1). The Fq factor may be used to check Orsat data in the field. 

The Fq factor is the ratio 

<Eq.9-16, 'o-'^l 
and is equal to 

%C02 ) 



the %02 and %C02 being obtained or adjusted to a dry basis, A value differing 
from those tabulated would necessitate a recheck of the Orsat data. 



Errors and Problems in the Use of F Factors 

The following factors may contribute to errors in reporting emiss m.-y y using 
F factors: 

• Deviations in the averaged or "midpoint ' V factor value itself. 

• Krrors in the Orsat analysis and the consequent %02 and %C02 values, 

• Failure to have complete combustion of the fuel (complete combustion is 
assumed in the derivation of all of the F factor methods) 

• Loss of CO2 when wet scrubbers are used - affecting the F^/. and F^, factors. 
Addition of CO2 when lime or limestone scrubbers are used affecting the 
factor. 

Ihv deviations in the F factors tliemselves have betMi found to varv no more than 
about f) percent within a given fuel category. Since the F factors givtMi are averaged 
values, differences in the ultimate analysis between fuel samples could easily 
account for the deviation. The most significant problem in the use of the F factors, 
however, is in the excess air . ')rreclion the use of the* Orsat data in calculating 
the |)ai ticulate emi.ssions. / :i\oi of a few peic ent in tlu* oxvgen concentration 
(ouhi cause a relatively large error in the value of F. or mort* iniporiantlv. could 
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mean the dift'ereiue between compliance and noncompliance. A recent publication 
by .Mitchelt and Midgett (1976). entitled "Field Reliability of the Ornat Analyzer/' 
states 

'I'he results from five collaborative tests of the Orsat Method 
indicate that the use of Orsat data to determine the molecular 
weight of flue gases is a valid procedure, but the use of such 
data routinely to convert particulate catches to such reference 
conditions as 12% CO2 and 50% excess air may introduce 
sizeable errors in the corrected particulate loading.... 
However, since the use of Orsat data for calculating par* 
ticulate conversion factors will likely continue it seems prudent 
to develop procedures to check the reliability of Orsat data. 
One procedure, that could be instituted without affecting 
either the cost or time o^ a source test, would be to require that 
if the Orsat data is to be used for calculating a particulate con* 
version factor, then the integrated flue gas sample must be 
independently analyzed by at least two analysts and their 
results for each gas component must agree within a certain 
volume percent — say 0.3% --before they c^n be used to 
calculate the conversion factor. 
Since the F factor method has been developed assuming complete combustion of 
the fuel, incomplete combustion will cause an error. However, if the %C0 is deter- 
mined in the flue gas, some adjustment can be made to minimize this error. 

(Eq.9-17) (%C02)adj=%C02 + %CO 

(Eq.9-18) (%O2)adj = %O2-0.5 %C0 

By making these adjustments, the error amounts to minus one*half the concen* 
tration of CO present. 

The loss of CO2 in wet scrubbing systems will also have an effect on the 
F factors. A 10% loss of CO2 will produce an approximate 10% error in the 
^actor. Since the factor (O2 correction) is based on source combustion products, 
its value will also be affected by the loss of CO2. If the gas stream has 6% O2 and 
1.4% CO2 is lost in the scrubber, the error will be about plus 2.8%. The F^^ factor 
is not applicable after wet scrubber since the moisture content would have to be 
independently determined. 

In general, the greatest errors associated with the F factor method are those that 
would be associated with the excess air correction. Collaborative testing programs 
have found that such errors can range as high as 35% when emission rates are cor- 
rected to 12% CO2. F factors can be a valuable tool in calculating source emissions 
in terms of the New Source Performance Standards; however^ care should be taken 
in their application. Considerable effort should be given by the source sampler to 
obtain representative and accurate Orsat data. 
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C. PARTICLE SIZING 



Panicle Sizing 

A particle has several important properties. These are mass, dimension, chemical 
composition, acrodyaamk properties, and optical properties. The primary 
distinguishing f'Mture of c>ny particle is the particle size. The most widely used unit 
describing paru > size is the micron, 

1 micron (n)^0,00\ mm- lO^^cm- ^ meter 

Particle size may be determined by a variety of analytical techniques. The 
analysis of particle size is misleading since in practice these techniques do not 
measure actual particle size, rather they measure particle properties related to the 
particle size and shape. Analytical or empirical relationships incorporating 
theoretical principle;' ^^ind assumptions are then employed to assign the particle an 
"effective size." Partir!r size analysis is influenced by the extreme diversity of 
paiticle shape. Si^e analysis data can be widely different depending upon the 
methods employed for analysis. The analytical methods used for size analysis must« 
therefore, be carefully considered in terms of the objective purpose for which the 
size analysis is required. 

Particle Physical Properties 

The term "particle size" generally refers to an "effective size" described as an 
equivalent or effect diameter. A large amount of empirical and theoretical infor- 
mation has been developed for describing the physical properties of spheres of unit 
density in dry air. The data can be applied in predicting the physical 
properties mass, volume, or settling velocity - for any particle if the particle size 
can be defined in terms equivalent to the terms used in describing a sphere. The 
most convenient and frequently used common term is "diameter'': the particle size 
is described in terms of a sphere of equivalent diameter. Assuming f.hat the 
physical properties of the i rticle will be similar to those of a ^•pliere of the 
equivalent diameter and that a physical property (f) is proportional to some power 
of the diameier((i). the prediction can be made: 

(Eq.9-19) f{d)^ad^ 

where n - a number (determined empirically or theoretically) 

a - a shape factor specific for particles of a given shape and 
composition 

This is ex ''rnely important for the d<*sign of emissions control device's. I hv 
important paiameters involved in operating and maintaining emissions control devices 
c an be fully evaluaied (miIv after adequate particle si/e informaiioi; has been obtained. 

Particle Motion 

i In* most connnon .ind u^t'ful {)artitlc sizing nu^thods for solid pariiclt's suspended 
in «i gas detitu' particle \/v as an acMddvnanut diaineKM. Tliis allows the prediction 
iA the aerodvnaniii pr(»T><'rties oi a particle. Tliese properties are extremely impor 



tant in designing control equipment to remove particles suspended in a gas emitted 
CO the atmosphere. The procedures employed rely on several principles of fluid 
dynamics and the calculations made by investigators Stokes and Cunningham. The 
principles involved will be discussed to aid in understanding the operation of the 
devices for determining particle aerodynamic diameter. 

The Mechanism of Drag for Submerged Particles 

The flow phenomena of a nonviscous, incompressible fluid around a submerged 
object is explained by the Equation of Continuity and Bernoulli's theorem. The 
diagram in Figure 9-6 illustrates the streamlines of the fluid. The velocity of a fluid 
molecule perpendicular to a tangent drawn at point I falls to zero. The incom- 
pressible fluid particles flowing around the object follow the principles in the equa- 
tion of continuity; the streamlines come closer together with a resultant increase in 
acceleration. The acceleration at point II is accompanied by a decrease in pressure 
as described by Bernoulli, i.e., the net work done on the fluid by pressure must be 
equal to the net gain in mechanical energy. Fluid mass and energy must be con- 
served in a nonviscous. incompressible system, therefore, as the fluid flows around 
the body to point III it releases mechanical energy, increasing the pressure. The 
fluid decelerates to its original velocity and the system pressure returns to the values 
at point I. Fluid streamlines in this ideal system are symmetrical in front of and 
behind the submerged body. 

The flow of viscous, compressible fluid around a submerged object may also be 
examined and understood in the context of the equation of continuity and 
Bernoulli's theorem. The nonviscous, incompressible fluid flows around the object 
without losing energy. The viscous, compressible fluid would experience surface 
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drag or friction as it passes from point I to point II. The equation of continuity 
shows that the accelerating fluid would increase the Huid mass per cross sectional 
area per unit time passing from point I to point II. rhe iluid would '*pile up** dur- 
ing its flow, increasing the fluid density and changing the Reynolds Number of the 
fluid. The friction from surface drag dissipates part of the mechanical energy of 
the fluid as heat. The fluid cannot return mechanical energy as pressure, 
therefore, tluid pressure at a distance beyond point II is lower than the pressure of 
the fluid at point I or point III. The Reynolds Number changes are caused by 
changes in fluid density and viscosity. Increased viscosity creates tangential forces 
which in conjunction with the opposition forces of higher pressure at point III 
acting on the accelerated fluid force it to disassociate with the fluid streamlines 
behind the body. The accelerated fluid must find somewhere to flow since it can- 
not rejoin the original streamline. The forces acting upon the fluid cause it to flow 
in a reverse, tangential pattern forming a vortex behind the body. The continued 
fluid flow around the submerged body with continuously changing Reynolds 
Number quickly sweeps the vortex formed downstream. A new vortex forms and 
the interaction of these vortices results in a turbulent wake behind the submerged 
body. The net effect on the submerged body is frictional and pressure drag. 



Stokes' Law 

The motion of a body submerged in a fluid is determined by the forces acting 
upon the body. A particle will remain at rest with respect to fluid in which it is 
located until it is acted upon by some external force. This principle is Newton's 
first Law of Motion, It is further explained in his second law, whicli states that the 
acceleration upon a body caused by a force is proportional and parallel to the 
result of that force and inversely proportional to the mass of the body. A single 
isolated force is an impossiblity since any force acting upon a body a. ..:ally only 
one aspect of a mutual interaction between two bodies. A body exerting a force 
upon another body always encounters an equal and oppositely directed force 
exerted by the second body. This principle is Newton's third Law of Motion. The 
application of these laws upon a sphere of unit density falling in dry air is the basis 
for Stokes' Law. 

Newton^s first law is contained in his second law since if the force (F) acting 
upon a body is F==0. then the acceleration (a) of the body is a^ O. In the ab.sence 
of an applied force*, the body will move at a constant velocity. This concept makes 
possible the calculation of the constant terminal or settling velociiy of a body 
suspended in a fluid. If the magnitude of the forces acting upon the body and the 
si/e and shape of the body are known, its terminal velocity can be <o?nputed. A 
convenic.u system lor testing the calculations used by Stokes was a s[)here of unit 
density falling in dry an*. The sphere can be physically defined as having an area 



P 



(Lq.9~20) 




4 



where 



A p -- sfyhcn' an a pro/ected on a plane normal lo the fluid flow 
Dp - sphere diameter 




(£q.9.21) 

and a mass 



where Mp = 'nass of the sphere 
Qp- true sphere density . 

The discussion of streamline fluid flow around a body shows that a frictional 
drag exists on the body defined for a sphere 

(Eq.9.22) 



Pr = 



where 



Fj^ = drag friction 
C = drag coefficient 

u = relative velocity of the particle in the fluid 
Q = density of fluid . 

The sphere will have a terminal velocity when the gravitational force acting on 

the body [ep-e-\ 



(Eq.9-23) 

where 



g £ = local gravitational acceleration 
Fg- gravitational force 



and the frictional forces are equal: Fg-F^. The net force on the body equals zero. 
(Eq.9-24) Fg\ 



Net Force - 0 



The terminal velocity (u/) can be calculated: 



(Eq.9-25) 



'2g^Mp(Qp-Q)- 


V2 


'^g^^DpfQp- Q)- 


QQpApC 




3ec 



V2 



A mathematical proof by Stokes showed that when inertial terms in streamline 
fluid flow are negligible the frictional drag on a body submerged in the fluid can 
be expressed as 

(Fq.9-26) F/=37r/iU Dp 

where 

/X = viscosity of the fluid . 
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Substituting this expression into the original frictional drag equation the coeffi- 
cieni of drag (C) upoi the body be defined 

(2) ——-C^'iT^iiuDp 
QuDp 

Using the above definition of drag coefficient in the equation for terminal 
velocity and reducing all terms, the terminal velocity may be. expressed: 

(Eq.9-27) ^H^Sl ^^^Qp^ QV^^i^^ 

The conclusion that can he drawn from this complex proof is that a particle in a 
fluid will have a terminal or settling velocity when the net forces acting upon it are 
equal to zero. The velocity of the settling particle will be determined by the 
viscosity of the fluid and be proportional to the size and mass of the particle. These 
factors can make possible prediction of the physical properties proportional to the 
size and mass of the particle. 



Cunningham **Slip" Factor and Brownian Movement 

1 he calculations »n Stokes' Law liold for unit density particles between 3-100/im in 
size. A particle r>maller than 3/im has a higher terminal velocity than expected by 
Stokes' Law. Particles in this range are approaching the mean free path length of 
fluid molecules and experience less resistance than larger particles. A correction 
factor deveioped experimentally was determined by Cunningham to calculate the 
increased settling velocity of those particles. 

i he particles in this size range (<3/im) are also subject to the effects of 
Brownian movement. The ^jarticle experiences random motion from collision with 
fluid molecules. This movement by collision is very important for correcting 
gravitational settling velocity for particles >0.1/im< 3/xm. The effect of Brownian 
movement upon particles <0.1/im is much greater than gravitational settling 
velociiv. Brownian inovemt-nt is a diffusion property analogous to the diffusion pro- 
perties of a gas. Particles subject to Brownian movement exert a partial pressure in 
(he fluid proportional to their concentration. 



Inertia! Particle Sizing 

I hr principles of isokiiu'tic s<uu t sani[)ling are founded upon the fluid dynamics 
in the prcKxiing tiist ussioti. An isokinetic sample taken from a gas stream does not 
(iislurb th<» gas strtMinlines. It draws gas into i\\v sani[)ling no/zle with a force 
equal tt) the forces piopelling the gas u[) tht^ stack. ! he distrii)ution of particles 
enieiing the sainplitig wn/Av is th(M)t (^tieallv the san^e as that existing in the stack. 
Isokinc^tic stimpling dtx-s not v\c\{ excess extertial forceps upon ifie particles in tlie 
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gas stream; therefore, an unbiased sample is taken. If the sampling were done ov^r 
iiokineticaUyr external force would be exerted on particles in the gas. The gas 
streamlines would be drawn closer together, bringing a larger percentage of small 
particles into the sample. This analysis is based on particle inertia and fluid 
resistance to particle movement relative to the fluid. 

The inertial particle sizing devices operate to yield the best data when an 
.isokinetic sample enters the sample nozzle. The sample in the device contains a 
valid refpfesentative sample of the particles distributed in the gas stream. Particles 
of different^size and mass are then separated by their inertia. The inertia of each 
particle is proportional to its size and mass. This particle inertial force acts against 
the resistive frictional forces of the surrounding fluid. The particle reaches its ter* 
minal or settling velocity when these forces are equal. The inertial particle sizing 
device creates a different fluid flow characteristic for various stages within the 
device by causing the streamlines to come closer together. Particles that have 
attained their settling velocity at a given stage in the sizing device do not follow the 
gas streamlines and move out of the gas to impact on a collection stage. The 
diagram illustrates the concept involved. 




Figure 9-7. Inertial particle collector. 



The particles have been separated based upon forces proportional to their size 
and mass. The device used must be calibrated with particles of known size, shape, 
and mass so the data for the unknown particles can be correlated. The most con- 
venient method of calibration uses spherical particles of unit density dispersed in 
dry air at standard temperature. The shape and size of the unknown particles is 
not known directly; however, based on their behavior in the sizing device, an 
**effect diameter" is determined which is related to the calibration spheres. Particles 
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of unknown shape sued in an inertial .Sizing device that correlates particle si/e to 
reference sphere calibration data are assigned an ^^aerodynamic diameter/' This 
term is used since the particles have been sized based upon the similarities 
exhibited between the behavior of calibration spheres and tlv particle in a gas 
stream. 1 he aerodynamic diameter is related to the particle geometric diameter, 
particle density, and shape in the expression: 

Qo ^ 

where: dg - geometric diameter 

/iar?«r/e density 
Qq = unit density (\ g cm^ ^) 
K = shape factor; for spheres^ I, 

This data, in conjunction with knowledge of the chemical composition of the 
particles, affords sufficient information for predicting particle physical properties. 

The inertial particle sizing technique is a very useful method of assessing particle 
si/e; however, it is subject to some limitations and problems. Th* inertial technique 
for si/,ing particles is preferred since it can be used in situ, avoiding the sampling 
errors created by extractive systems. The in situ device is not subject to biases 
created by electrostatic and thermal gradients, particle agglomeration in the 
sample probe, or new particle formation at lower than stack temperature. It can, 
however, have smeared particle size cut off points at the collection stage. This 
problem is related to the finite dimensions of the sizing device. The changing fluid 
velocity and viscosity effects the collection efficiency of each size stage. 

A collection stage collects particles of which a percenta;ye correspond m one size 
with others above or below this size cutoff. The particle size for a given stay^^ is, 
therefore, generally termed a "fractionation size." which is a definition of the col- 
lection stage efficiency. The D^q for any stage is defined as the size of particles col- 
lected on each stage with at least 50% collection efficiency, for a given set of 
im[)aetor conditions. The proper Di^q for a collection stage can be maintained only 
if the panicle ^i'ing device is operated at a gas flow rale that does not produce 
fracturing or scou.'ing of particles. If the sample gas flow rate is too high, particles 
<^ tan be broken upon impact with the collection stage or setthxi particles could be 

^ rt' t-ntrained into the gas stream. This would cr(*aie significant errors in collection 

t^ffit iencv ior the impact stage. 



Alternate Sizing Methods 

A number of other methods exist for sizing particles. I'he method chosen for a 
given sampling situation should be thoroughly evaluated in relation to the scope of 
the work. Several methods employ particle niass. size, and shape in a manner 
theoretically .similar to the inertial sizer. Flutriation and .sedimentation metluuis arc* 
(*\t! ac tive methods tliat arc. in princ iple, verv similai to tlu* inertial impac 
tor tliev S(*parate difit^rcMit si/(* and mass particU^s hastui on tt^minal .settlin^; 
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velocity. These are usually used in the laboratory. Another laboratory technique is 
the Bacho centrifugal separation. This device incorporates a radial gas stream of 
known tangential velocity to separate particles by size and mass. It, like the elutria- 
tion and sedimentation devices, is subject to the uncertainties and high repetition is 
necessary in determining particle size from a sample collected out of the original 
gas stream. 

Microscopic analysis of particle sizing again requires high repetition to gain a 
statistically representative evaluation of particle size. This technique requires that 
those particles analyzed under the microscope do not agglomerate or overlap. 

Data Analysis 

A variety of methods exist for presenting particle size data. The method selected 
for a particular situation will most likely be chosen based upon the type of sizing 
system u.sed. convenience, and intended use of the data. The most common 
methods of presenting data are cumulative or frequency distribution curves. A fre- 
qutMicy distribution curve plots the number or weight of an incremental size range 
against the average particle size of the given range. This is based upon the concept 
that physical laws control the formation of particulates in any system. Particles 
tend to form a preferential size for a given system which can be determined 
empirically. Particle size frequency distributions, therefore, approximate a 
probability relationship with a peak at a preferential size. The cumulative distribu- 
tion is a plot of the fraction of the total number of particulates (or weight of par- 
ticles) which have a diameter greater than or less than a given size plotted against 
the size. 1 his is actually an integrated frequency distribution curve. 

I'h najority of inertia! impactor particle size data uses thr i)^q method of data 
reduction. The particles on a given stage are assumed to have a diameter equal to 
the calculated D^q for that stage. Once the D^g ^'^^h stage has been deter- 
mined, the data can be simplified to yield a differential or cumulative plot of the 
particle size sampled. 

The cumulative plot of particle distribution \b clear and easy to understand. The 
weight of particulate collected for each stage is presented as a peicent of the total 
particulate catch. The data is then plotted as percent versus diameter yielding a 
cumulative particle distribution curve. The method has a drawback in that a 
weighing error is propagated throughout the data. Good calibration of the sizing 
device greatly improves the data. 

D. OPACITY MONITORING 
Introduction 

One of the more recent developments in the evaluation of source emissions has 
been in the use of the transmissometer or opacity monitor. A knowledge of the 
operation and type of information that may be obtained from these instruments is 
very important for both the stack sampler and the stack test observer. Several con- 
sulting firms are now using transmissonieters during Method 5 tests to verify the 
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stabiliiy oi ihr souu t- emissions tiuiiug tlic testing period. Values of opacity may 
even be usetl to (U ternune the mass emission rale if a prior correlation exists 
between the two for a given source. Ihese techniques can be invaluable for check- 
ing the validity of the Method 5 data itself. 

The term 'transniissonieter" conies from the word "transnnttance." When liglu 
pasM's through a plunu* of smoke, .some of it will be transmitted and will be able to 
be ob.served on the other side of the plume. Some of the light, however, will be 
scattered or ab.sorbed by the particulate matter in the plume and will be lost to the 
observer. If light is not able to penetrate through the plume at all, the phime is 
said to be completely opaque, i.e.. the -opacity" of the plume is 100%. I ran-imit- 
tance and opacity can be related in the following manner: 

% 'l ransmittance - 100 - % Opacity 

l'h<Mrl*on\ if a plunir or objec t is 100% opaque, the transinittance of light through 
it is /v\o, if it is nut opaque at all (zero % opacity), the transmitiance of light will 
be 100%. Of cf)uise, a pluiue from a stationary source will generally not have 
tMther zero or 100% opacity, but some intermediate value. In the New Source Per- 
formance Standards, the opacity limits have been established for a number of sta- 
tionary sources. The following sources are ;!u)se required to continuously monitor 
their emissions and maintain them vvitliin u • given standard: 



Opacity Limit 



Fossil Fuel Fired Steam 

Generators 20% 
Petroleum Refineries 

(C:atalytic Cracker) :iO 
F.lectric Arc Furnaces If) 

IM'imary Copper, Lead, and 

Zinc Smellers 20 
Kraft Puip Mills 

(recovery furnace) .Sf) 



ContinuDUs monitoring regulations foi opacity were made to ensure that source 
control equipment is pro})erlv operated and maintained at all times. KPA docs not 
consider the transmi.ssonu^ter to he an enforcement tool since the visible emi.ssions 
observer (KPA Ileference \hnhod [)) is still used to enforce the source opaeity .stan- 
ilaids. However, data from ihr transnn'ssometei may be ust^l as t^'ideiice of the 
opacity ot an enn.s.sion (see 12 KK 2{i2()f) 5 2.S 77). '^'^ 

I hv Transinis.someier 

A t r ansnnssonuMci ma\ b«- ( oust i ik ted m two wavs. using ciihci a single p^iss 
s\st('m iKiguic *l X) i)\ A double [)ass sssieni iFigmt* !h 

13. 
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Ck)llimating len& 



CoUimatinK lens 




Detector 



Rotary blower 



Figure 9-8. Single*pass system. 



Light 




Beam splitter D«^cctor^ 



Retro-reflector 



Rotary blower 



Figure 9-9. Double-pass system. 

In the' single pass system, a lamp simply projects a beam of light across the stack or 
duct leading to the stack, and the amount of light transmitted through the flue gas 
is sensed by a detectov. Instruments designed in this configuration can be made 
rather inexpensively; liowever, they often do not satisfy KPA criteria for system zero 
and calibration checks. The double pass system shown in Figure 9-9 houses both the 
light source and light detector in one unit. By reflecting the projected light from a 
mirror on the opposite si^e of the stack, systems can be easily designed to check ail 
of the electronic circuitry, including the lamp and photodetector, as part of the 
operating procedure. Most transmissomeier systems include some type air purg 
ii\g system or blower to keep the optical windows clean. In the case of {)ositive 
pressure iiflicks (Pj^>0). the purging system should b(* efficient or the windows will 
become dirty, leading to spuriously high readings. 
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in contrast to ambient air continous monitoring imtrumentation, EPA does not 

"approvi*" specific manufacturer models. Since most staiiunary sources have uniqu«» 
monitoring problems, KPA lias established the "Performance Specification 'l est** as 
a procedure for assuring that the instrument will operate properly once mounted in 
a stack or duct. In addition, the transmissometer itself must satisfy several "design 
specifications." Meeting the design specifications and passing the Performance 
Specification Vest constitute approval of the specific opacity monitoring installation. 

Design Specifications 

There are essentially seven design criteria that must be met by an opacity monitor. 
These are as follows: 

• Spectral Response 1 he system must project a beam of light 

with the wavelength of maximum sensitivity lying between 500 and 

600 nm. Also, no more than 10% of this peak response can be outside of 

the range of 400 to 700 nm. 

Angle of Projection - The angle of the light cone emitted from the 
system is limited to 5 degrees. 

• Angle of View - The angle of the cone of observation of the photodetec- 
tor assembly is limited to 5 degrees. 

Calibration Error - Using neutral density calibration filters, the instru- 
ment is limited to an error of 3% opacity. 

• Response Time 1 he time interval required to go from an opacity value 
of zero to 95% of the value of a step change in opacity is li ;ited to 10 
seconds. 

• Sampling The monitoring system is required to complete c 41/ itnum 
of one measuring cycle every 10 seconds and one data recording cvcle 
every f) minutes. 

• System Operation Check The monitor system is to include a means of 
checking tlie "active * c^lemcMits of the system in the /xro and calibration 
procedures. 

Bet: rchasing an o{)acity monitoring syst(*ni. the instrument specifit ations 

slu)u t) art^fiily checkc^d tt) st*e if the monitor saiisfi(*s t[u"se minimum 
rc(|unem its. Failure to <i() so may mean that the monitor will not Ix* a< ( cptcd by 
KP.A for a}>plicati()n as a continuous m()nitt)r of souiC(* (Mnissions. 

riuM"(* arc several reasons for t^stablishing these* tiesign sj)v»cificaiions. Th(^ most 
nn})ortani one is iliat iIumc is no widely available incU^peiuhMU method of c becking 
tlu^ opai ity. Instead, it is assinntul that if the system is dt^igned cor iectlv and can 
be clunktui with filters tor accuracy, it should be able to ,t;ive correct i Hue gas 
o[)at ilv readings. I lu^ ration<il<' beliind (Mc h ot these* spec if i( <iiioiis follows 



Spectral Response 

The transmissometer is re<iuired to project a beam of light in the "photopi( " 
region that region of the electromagnetic spectrum to which the humi^n eye is 
sensitive (Figure 9-10). 




Figure 9-10. Photopic region. 
There are three reasons for specifying this region: 

• It was originally hoped to correlate the opacity readings of the 
transmissometer with those of a visible emissions observer performing 
EPA Method 9. If the transmissometer does project light in this region, 
the readings usually will be corpparable. However, background light con- 
trast, acid aerosol formation, and other problems may cause the readings 
by visible emissions observer to differ from the instrument readings. 

• Water and carbon dioxide absorb light at wavelengths higher than 
700 nm. If the transmissometer projected light in this region (as some 
earlier systems did), any water vapor or carbon dioxide in the flue gas 
would take away some of the light energy by absorption processes and a 
high opacity reading would result (see absorption regions in Figure 9-10. 
Since this would unduly penalize the operator (of a fossil fuel— fired 
boiler, for example) filters or special optics arc required to limit the 
spectral response of the transmissometer. 

• Small particles less than 0.5 micrometers in size will scatter light more 
effectively if the light has a wavelength in the region of 550 nm (Figure 9-11 




I 




Panicle diameter in microns 



Figure 9-li. Particle size effects. 

Sinte, with the application of control devices to industrial sources, particles tend to 
be small, light of short wavelength is required to detect them. 



Angle of Projection 

The ideal transmissometer would have a very thinly collimated, laser sharp beam 
projected across the stack. When a beam diverges, particles outside of the 
transmissometer pat;h will absorb or scatter the light and light energy would b.* 
effectively lost outsicie of the path. This would appear as higher opacity reaclings. 
Because it is expensive to construct sharply coUimated instruments, specifications 
have been given to limit beam divergence to 5 degrees, as shown in Figure 9-12, 



26 cm 




I igurt' 9-12. An^le of projection. 

i'he pKUtHluir for c hcckiiig ariglr ot projection is to draw an art witli a 3 mettM 
radsus. then nuasuK the light iiUiMisitv at 5 cm iiUtMvals (or 2f) c:m on both sides of 
the (enter \\i\v. 




lil 



Angle of View 



The reason for specifying the angle of view of the detector assembly is similar to 
^ that for the projection angle specification. In this case, if the angle of view was too 
great, the detector might possibly pick up light outside of the transmissometer light 
path. It would therefore ''see** more light energy' than it should and the 
transmissometer readings would be lower than true (Figure 9- 13). 



1 he angle of view may be checked by using a small nondirectional light source to 
see where, on an arc of 3 meter radian, a signal will appear. Generally, however, 
the projection and detection angles are determined by the instrument manufac* 
turer. 



Calibration Error 

I ransmissometers are calibrated with neutral density filters corresponding to a 
given percent opacity. The calibration error test is the closest possible procedure to 
checking the accuracy of the instrument. Consequently, before an instrument is 
placed on a duct or stack, the instrument response to calibration filters is required 
to be within 3 percent of the predetermined filter values. 

System Response Time Test 

Since a transmissometer systenn is required by the regulations to measure opacity 
every 10 seconds, a satisfactory system must be able to obtain a value for opacity 
within this time period. An approvable transmissometer would have to reach 95% 
of a calibration filter value within 10 seconds after it was slipped into the light 
path to satisfy this, design specification. 



26 cm 




Figure 9-13. Angle of view. 
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Sampling Criteria 

KFA regulations specify thai an approvablc transniissomeier must be able to com- 
plete a minimum of one measuring cycle every 10 seconds (40(:KR60. I3e). Also, 
some provision must be made in the monitoring system to record an averaged 
reading over a minimum of 24 data points every 6 minutes. 

rhese specifications were established so that the opacity monitor would provide 
information corresponding to (a) the behavior of the particulate control equipment 
and (b) the data obtained by the visible emissions observer (EPA Method 9 requires 
the reading of 24 plumes at 15 second intervals). 

System Operation Check 

The system operation check often has not been recognized by instrument vendors as 
one of the design criteria for iransmissonieter systems. In fact, there is some ques- 
tion whethe.' several of the currently marketed opacity monitoi's could be approved 
under this specification. In 4()CFR60. 13e3, ii is slated: 

"...procedures shall provide a system check of the analyzer 
internal optical surfaces and all electronic circuitry including 
the lamp and photodetector assembly. ' 

l his means that when calibrating or zeroing the instrument, the lamp or 
photodetector u.scd should be the same as that used in measuring the flue gas 
opacity. For this reason, most single-pass opacity monitors would not be acceptable 
under EPA design specifications, since a zero reading would not be (. nainable 
unless the stack was shut down. 



Installation Specifications 

After a iransmLssomcter that meets EPA design criteria has been selected by the 
source operator, the instrument must be installed and checked for proper operation 
on the source itself. There are several points that must be considered when install- 
ing a transmissometer: 

1. rhe transmissometer must v' located across a section of duct or stack 
that will provide a representative measurement of the actual flue gas 
opacity. 

2. The transmissometer must be downsticam from the particulate control 
equipment and as far away as possible from bi-nds and obstructions. 

.S. The transmissometer located in a duct or stack following a bend must 

be installed in the plane of the bend. 
4. The transmi.s.someter should he installed in an accessible location. 
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5. The source operator may be required to demonstrate that the 
monitor is obtaining representative opacity values at its installed 
location. 

It was intended that the transmissometer measure the actual flue gas opacity or 
"an optical volume representative of the particulate matter flow through the duct 
or stack. " Figure 9-14 shows some of the problems in particulate matter flow 
distribution which might occur' in an exhaust system. 




Figure 9-14. Transmissometer siting. 

Particulate matter may .settle in d\icts or stratify in the flue fas stream depend- 
ing upon the construction of the exhaust system. In Figure 9-14 the "plane of the 
bend" is that plane formed by the stack and the duct (in this case, the plane of the 
paper). If one were to locate a transmissometer perpendicular to this plane, such as 
at point A. a large portion of the particulate matter would not be seen by the in!cl 
breech. A transmissometer located at B would be in the plane of the bend and 
would be .senjiints^-xross-section of the total particulate flow. Location C would not 
be appropriate loi an opacity monitor because the monitor would not be in the 
plane formed by the horizontal duct and the breeching duct. A monitor at location 
C also would not satisfy criteria 1 or 2 since settling or particulate matter might 
not provide a representative sample, jn addition the location is close to two bends 
in the exhaust system. Location D would be one of the best points for monitoring. 
Here, the tran.smissometcr would be most accessible and might be more carefully 
maintained than if located at B. Location D follows the control device and does 
not follow a bend. The only problem that might arise is the settling of particulate 
matter in the duct and possible rcentrainmcnt to give nonrepresentative opacity 
readings. An examination of the opacity profile over the width of the duct might 
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be necessary to place the monitor at this point. Proper monitor sinng is very impor- 
tant to the source operator since an inappropriate choice for the location of a 
monitor may cause measurement problems and entail expense, particularly if 
re siting is- necessary. 



The Performance Specifiration Test 

Before an opacity monitoring system can used for EPA reporting requirements, 
it must undergo the Performance Specification Test. Since most sources differ in 
operational design and construction, a given monitor might perform well at one 
source but produce unacceptable data at another. Differences in location, par- 
ticulate stratification, vibiation. temperature, and other factors influence the 
requirement that the opacity monitor be shown to operate at the location for which 
it was intended. Design specifications are not sufficient for approval (in contrast to 
ambient air monitors); the performance test must also be performed. 

The Performance Specification T. st for opacity monitors requires that the instru- 
ment undergo a 1-week conditioning period and a 1-week operational test period. 
In the conditioning period, the monitor is merely turned on and run in a normal 
manner. This is essentially ?. "burn-in" period for tiie new instrument, and it is 
hoped that problems rhat might be expected for a new device will appear during 
this time. In the ojerational test period, the monitor is run for 1-week without any 
corrective maintenance, repair, or replacement of parts other than that required a' 
normal operating procedure. During this period, 24-hour zero and calibration dritt 
characteristics are determined. If the instrument is poorly designed or is poorly 
mounted, these problems should become evident from the drift data, and correc- 
tive action would have to be taken. The only actual data necessary in the perfor- 
mance test is that for zero and calibration drift. No relative accuracy test is taken 
since there is no EPA reference rhethod that gives an appropriate "true value" for 
the opacity. (Since the EPA Method 9 visible emissions observer trains on a sr.oke 
generator calibrated with a transmissometer. this method could not give an 
independent opacity value.) 

I 

Data Reporting Requirements 

Alter an opacity monitoring .system has passed the Performance Specification Test 
it may be used to monitor source emissions. New sources required to monitor 
opacity must report excess emissions on a quarterly basis. Since opacity standards 
are based on t'le opacity of the plume at the stack exit, the in-stack 
transmissometer data must be corrected to the stack exit pathic.igth using the rela- 
tionship shown in Figure 9 If). 




9 yj. 




Figure 9-15. Relation betwen emission opacity and monitor opacity, 

The transmissometer system must be able to record the average of at least 24 
equally spaced opacity readings taken over a 6 minute period. Any readings in 
excess of the applicable standard (e.g*. 20% opacity for a coal-fired boiler) must 
be reported. Also, a report of equipment malfunctions or modifications must be 
made. Although the recorded data does not have to be reported to EPA unless 
excess emissions occurred, the data must be retained for a minimum of 2 years. 



Opacity Monitor Applications 

The uses of opacity monitors extend beyond merely satisfying EPA requirements for 
installing such a system. Transmissometers have been used as combustion efficiency 
indicators, broken bag detectors, and as process monitors during EPA Method 5 
tests. Some of these specific applications are: 

Installation to satisfy EPA continuous opacity monitoring requirements, 

Installation for process performance data maintenance and repair 
indications, process improvement. 

Installation for control equipment operation ESP tuning, broken bag 
detection. 

Correlation with particulate concentration. 
Maintenance of a continuous emissions record. 
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The primary impetus for installing opacity monitors has been, of course, to 
satisfy the KPA regulations contained in the New Source Performance Standards. 
(Sources presently required to continuously monitor opacity were given in the 
beginning of this chapter.) As previously stated, the application of monitoring 
instrumentation to stationary sources is intended to provide a continuous check on 
the o[)eration of the air pollution control equipment. The source operator, 
however, can use the continuous monitoring data to optimize the operation of his 
process and control equipment. For example, in a fossil fuel fired boiler, improper 
combustion conditions may lead to the production of unburned carbon and 
increased particulate matter. This might be caused by a blocked burner nozzle, a 
iouled stoker, oi an incorrect fuel-air mixture ratio. If not enough excess air is 
added to the fuel in a coal or oil fired boiler to give proper combustion, an opacity 
monitor would be able to detect an increase in the flue gas opacity, and corrective 
action could be taken {Note: a continuous CO monitor would Iso be useful in this 
respect). 1 he optimization of combustion efficiency, reduction of carbon build up 
on boiler tubes, and warning of process malfunctions are all benefits for the 
source operation. 

Opacity monitors have been used in bag house and electrostatic precipitator 
applications. The breaking of a filter in a bag house will increase the opacity level 
of an exhaust gas and could be detected by an inexpensive single-pass 
transmissometer. Several companies currently market instruments for this purpose. 
Transmissometers have also been used to "tune" the rapping system, of electrostatic 
precipitators. By choosin^< the optimum rapping cycle of the precipitator collection 
plates as a function oi smoke opacity, precipitator operating costs can be reduced 
and the emission sta >aard met more easily. The application of tran^mis^ometcrs 
after wet scrubbing control equipment has met with some difficulty bee 'se of the 
presence of entrained water (water droplets) in the flue gas stream. The-., water 
drophns will scatter light and give a high opacity reading. To adequate! • • -^itor 
th<* particulate removal characteristics of a scrubber, the flue gas might have to he 
rrheated to evaporate the droplets. The utility of the transmissometer in monitor- 
ing the projx'r operation of partic ulate control equipment was one ol the primary 
reasons tor the establishnuMit of the KFA continuous monitoring regulations. It was 
felt that once a source had spent the money to put on a control device, there 
should be some way that both the source operator* and environmental agencv per- 
sonnel could he assured that the system would operate in a satisfactory monitor: 
the traiiMnissometer provides this assurance. 

The i^\tiac tion of a particulate sample from a flue gas stream for analvsis h<\^ 
been the method ilie Knvironmental Protc( tion .Agency has used to check com 
pliancc to ernissioti standards. It has bt*en l;ioped for some time that the daM 
obtained froi i an opacity monitor could bil correlated with that obtained trom the 
extractive method. KPA Metl\od f). This can b<* done, but onlv if two important 
tonsidcM at ions are kept in mind: (a) the particle cliarcicieristics must remain th(^ 
same, and (b) the source operating characteristics must not c tiange. f igures 9- lb 
and 9 17 show examples of correlations that htivt* hecMi made for a coal fired [>()ilei 
and a ctMOtMU kiln. 
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Figure 9-16. Bituminous coal fired boiler emissions. 
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Figure 9-17. Cement kiln emissions. 



Here, the particulate concentration is given as a function of the optical density, 
Optical density. O.D.. is related to opacity in the following manner 



(Eq.9-29) 



1 



1 - Opacity 



This is a very useful expression since by considering the properties of particulate 
scattering and absorption, a linear relationship between particulate concentration 
and optical density results. I he Beer-Bougert Law for the transmittance of light 
through an aerosol states that 



(Eq.9-30) 



T - e " naql 



or 



(1 - O)^ e naql 
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, where 

T = transmtttance 

n = number concentration of particles 
n = projected area of the particles 
q~ particle extinction coefficient 
I s light path through the aerosol 
O = opacity 

U the logarithm is taken of both sides, we have 

log (1 - 0;= -0.434naql 
where 0.434 is conversion for logjQ 

and ; 

O.U. = log — =Kd 

^ (1-0) 

where is a constant describing the characteristics of the paiticle scattering and c 
is the concentration (being proportional to n). 

This states that O.D. = Kcl, or that the nutital density is proportional to the par- 
ticulate concentration. This is seen to be true from Figures 9-16 and 9-17. For this 
relationship to hold, the particle characteristics must remain constant. Generally, 
graphs like those given in F"igures 916 and 9-17 are obtained by conducting a number 
of LPA Method 5 tests along with an operating transmissometer. The correlation 
between Method 5 and the transmissometer readings can be better than 10%. 

Once such a relationship is made between opacity readings and particulate con- 
centration, a stack tester could check his data in correspondence with those 
readings. As more data becomes available from different sources under different 
conditions, it is hoped that a library of such correlations can be made. 

The basic use of an opacity monitoring system is for obtaining a continuous 
record. The stack tester, h.i the short term, can use transmissometer data to see if 
soot blowing occurred during the period of the test or if any other conditions 
occurred that might give anomalous stack test results. For the long term, the con- 
tinuous record can be used by the source operator to check the functioning of the 
control system or to note long term improvement or degradation of performance. 
Air pollution agency personnel can use such continuous data as evidence in com- 
pliance casts although as yet this type of data cannot be used directly to enforce 
standards, "he continuous record, can however, tell the enforcement officer if 
there is a his.ory of noncompliance or if a control device is not operating properly. 

The trati-smissometcr is a useful tool both for source operators and air pollution 
agency personnel. Through proper training and care of the in.strumcnt itself, 
valuable process formation and emissions data can be obtained. 
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APPENDIX C. DERIVATION OF EQUATIONS 

DERIVATION OF THE PITOT TUBE EQUATION 

The pitoi lube (Standard or Stausscheibe (S) Type) is used to measure the velocity 
of a gas. The pitot is actually a pressure sensing device that allows the determina- 
tion of the gas stream velocity based upon the total system energy. Figure C-1 
illustrates, the fluid flow around a Standard Type pitot tube submerged in a gas stream. 




Figure C-1. Fluid fll^ a. ound a Standard Type pitot tube. 

Applying Bernoulli's equation to points **a'* and ''b" we may describe the system: 
Eq. C-1 Pft + V2QV^ + Qgy\ = Pa + V2QV^ + Qgy2 

where: 

Pf) = full ram gas pressure at point b 

P(i = free stream gas pressure at point a - static pressure 

Q =gas density 

g = acceleration of gravity 

y = some elevation above a reference level, which in this 

case is negligible, therefore, y\ ^y^^o 
V -gas velocity 



(M 



Since > 1^3*2 so Equation C I may be written: 



At point 6 the gas molecules stagnate, giving up their kinetii. energy. The Kas 
velocity at b is zero (i; = 0) and Equation C-2 becomes: 

I he kinetic energy of the gas molecules at 6 has been used to perform work on the 
manometer fluid changing the height of the column (Ap). The knowledge that the 
total energy ,n the system is conserved allows this derivation to proceed based on a 
description of pressure terms in the system. The pressures in the system are 
balanced when; 

where: 

^ Q' = density of the manometer fluid 

N Ap = change in height of the manometer column 

The full ram pressure is equal to the sum of the system static pressure and the 
pressure of the manometer column. Rearranging terms in equations C-3 and CA 

we see: . ^ 

and 



Eq. C-6 ^:-^ 2Q'gAp . . 



which describes the calculation of the gas velocity of an ideal gas in a system free 
ot trictional^nergy losses. 

The gas density may be described for a given gas of unknown density by using 
the ideal gas law. The gas density •is"defined: / " ^ / s 

Eq. C-7 g = J!^if_ 

volume 

Wf know from the ideal eas law that: 



Eq. C-8 ~ R7\ 

Ms ' 



where: 



Pj ^absolute pressure 

V- volume 
m== mass of the gas 
Afj^ molecular weight of the gas 
R-a constant 
- absolute ga^ temperature 



Rearranging tvnns in equation C-8: 



Then substituting in equations C-7 and C-6: 



Eq. C.9 . = 



By using the following values in equation C-9 wc can calculate a constant (Kp): 

Eq. C-10 e',^^^ =62.428 Ib/ft'^ 

g = ^2.174 ft /sec^ 

^ lb- mole - °R 

\ 

12 niches H20 = ft ] 



_l/2(62. 428X32. 174) (21.83) 



12 



= 85.486 n/,,,\/(ib/ib-mole)(mchesHg) 
f °R - inches H2O 



\ \\v tnial term in our equation must account lor the effect of friction and th(» 
resuhant turbulence in our systejn. A properly constructed standard pitot tube will 
not be measurably influenced by frictional effects. It may be assigned a coefficient 
of friction {(-p^i^^) <>f units. Any other [)it()t tube would have to be corrected for the 
effects of tuibul(MH(^ about the tube. If we include Cp^^^i in our velocity equation 
we have; 
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1 he gas velocity calculated using a ^laiidaicl pitot tube with Cp^^^^j will be equal 
to the velocity measured with an '*S'' type pitot tube if we know the Cp^^^ tor the 
'*S" type pitot, This may be written: 

Solving for Cp/^^ we get an expression that allows us to compare the '*S" type pitot 
tube to a standard pitot tube with a known coefficient of friction: 



We may now use any pitot tube to measure gas velocity once we know its (^p^^y 

DERIVATION OF ISOKINETIC RATE EQUATION 
Introduction 

Orifice meter setting AH actually correlates many factors to produce a gas velocity 
at the sampling nozzle equal to the velocity of the approaching gas stream. 
Developing the derivation will depend on the following relationships: 
• Velocity of the stack (v^) equals the velocity of the gas entering the nozzle {v^i) 
at isokinetic conditions. From the pitot tube equation 



Eq. C-13 ^ ./ ^ r 



^s^^pCp^ 



• The volumetric flow rate at the nozzle lip {QjJ equals the nozzle cross- 
sectional area {Ay^) times the gas velocity at the nozzle {vyi) 

Eq. C-14 - Aj^vn = A^v^ 

• The volumetric flow rate at the meter is related to Qji by the ideal gas 
law. Assuming that the mass flow rate docs not change 

6 p T 



Eq- C-15 Qji^ AnVs = Q/n" 



ERIC 



1 "iv 

CM ^'-^ > 



• Correcting the mass flow rale at the meter for the condensation of water 
vapior 

• The flow rate at the meter is given 



Derivation 

Equations will be solved to give AH— the pressure differential across the orifice 
meter for a given in the stack! 

From equation C-16 

Substituting for from Equation C-17 

Replacing A-^v^ for from Equation C14 

.[rZEn Pm Tr (\-B 
Eq. C-20 ^n^s'-l^mV— — — ( 

Substituting An = — - — and = KpCp j/ — 

then squaring both sides of the equi^tion 
Eq. C-21 

''^"^^^ /^/C^2 = ti^2 n'rn^\ '^s^ 1^ ^ ^u^m\^ 



wm 
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Solving for Af/ 



Substituting Mm Mrf(l - B^^) + ISfij^^ and = Af^^i - B^^ 4 18£j^^ 
Eq. C-23 



or V 



846.72 AH^ ^'L 



when assuming 

.9244 



771 



Kp = 85 A9 

DERIVATION OF THE ISOKINETIC VARIATION EQUATIONS 

The term isokinetic sampling is defined as an equal or uniform sampling of gas in 
motion. This is accomplished ^hen the fluid streamlines of the stack gas are not 
disturbed. The EPA Method 5 source sampling system is designed to extract, from 
a stack, an isokinetic gas and particulate sample. A 100% isokinetic source sample 
is taken when the gas velocity into the sampling nozzle {Vfi) is equal to the velocity 
of the approaching gas stream (t;^) 

Eq. C-24 % isokinetic variation = — x 100 

The stack gas velocity (t;^) is measured using a pitot tube to determine the stack ,^ 
gas impact and static pressures. Bernoulli's theorem applied for the pitot tube-ahd 
solved for gas velocity gives the expression'^" ^ ^^'^ 



Eq. C-25 ^ wJs 



1 he velocity of the gas entering the source sampling nozzle is determined from 
the principles in the equation of continuity. Solving the equation of continuity for 
velocity at the nozzle, we may express the relationship 

Eq. C.26 Vn-^ 



O C-6 



The nozzle cross Jieclional area {An) is measured directly. The volumetric flow 
ratte of gas at nozzle conditions (C^) is determined by correcting the dry gas 
volume metered by the orifice back to stack conditions. The water va'por condensed 
in the impingers must be included in this correction. Liquid water collected is con- 
verted to vapor phase volume at stack conditions to obtain the volume sampled at 
the nozzle. 

The liquid water condensed (F/^) multiplied by the water density (Qu^q) gives 
the mass of water collected in the impingers 



Eq. C-27 

In the ideal gas law 



Eq. C-28 

Solving the expression for volume 



M 



RT 



H20 



P M 



H20 



/ 



The volume at stack conditions is then 



Ts mR 



^ {Vlc)iQH2o)R 



Ps 



The gas volume metered at the orifice is corrected for orifice pressure and 
temperature then added to V^w This total is corrected 10 slack conditions over the 
sampling time period to give 



Eq, C-29 



Ts 
Ps 



A// 



Then, since 



and 



n 



X !0() 



ERIC 



c; 7 



1 6? 



r 



we have by subsiiiution 



Rearranging terms and including a correction for converting minutes to seconds 
lo cancel out dimensions, we obtain the expression in the Federal Register for 
isokinetic variation 



Eq.. C-30 %/=100x 



with the constant {K) equal to 

= 0.003454 l^f^ 

and 

in. Hg-ft ^ 

K = 0.002669 (English Units) 

DERIVATION OF CONCENTRIC EQUAL AREAS OF A CIRCULAR DUCT 

Traverse points are located at the centroid of an equal area in a circular duct. 

A traverse point is thus a distance from the center of the duct - a radius of a 
concentric equal area. 

The distance or radius (rj) for a traverse point Q) for any circular duct having 
(N) equal areas may be determined in the following manner: 

We know that Tr^ = area of a circle 




16 Z 

c-8 



From the diagram we see: 

£q. C-31 7rr2^ - irr^^ = nri^ 

which simplifies to: 

Eq. C-32 ri2 = _£_ 

Dividing these again into equal areas 

Eq. C-3S .^^2_^j2 = y22-r^2 

Eq. C-34 / 9 9 9 / 9 

^3 '"2 =^"3 -'"3 

Solving Equations C-33 and C- 34 and expressing in generalized form, the locus 
of points rj separating any area (j) into two equal areas is: 

Eq. C-35 r;2= Z i 

J 2 

Dividing the duct of radius R into N equal areas we find: 
Eq. C-36 —— = TT \rj ~ rj . ij 

2 2 ^2 



2 . 

Substituting for _ j in Equation C-35 



r 2 + ^.2_. j« 

rr = 

/ 9 



7 is- 



2 



2<V 



ERIC 



c;-9 



16'.-: 




Solving Equatiun C 34 for rj. 

Eq. C-37 r';^ = iJ?! 

J 9^ 



2N 



r'- = Ry 



The (luci was divided into N equal areas eacli dciined by a radius r\, rg, r^, r^, 
■■■ rj. r'j is the loius ot points dividing eacli aroa into 2 equal areas. From the 
diagram, iV = 4 and: 



Trr 2 
] 



vrr 2 



= 1/4 



2/4 



7rr 

4 



S/4 



j^rpcrali/ing: 
Eq. C-38 



9 

7" ' 



Substituting into equation C .HI and simplitying; 
Kq. C;-39 




R 



16.. 
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where: 7 = any Uhuh of points dividing an equal area into 2 equal areas 

(i.e., traverse point at the centroid of an equal area) and N- number 
of equal areas. 



I'he percent of the duel diameter {P) (the distance froin the inside wall of the duct 
to a traverse point) is obtained for rj by the following method. 

(Eq.C-40) 




b. Percent of diameter (P) = — X 100 

D 

Substituting from equations C-40 and C-39 and simplifying 

(D-2ri)100 
r = 

2 

^0(D-2rj) 
D 




wliere P = percent oj diameter from inside duct wall to radius r'j 

jV = total number of equal areas 

j -■ specific area for which the location of points is calculated 
j -■ 1 .2,3,4. . from the center of duct outward. 



DKRIVA HON OI I Hi: 1:QUIVALEM diameter EQUA HON 

FOR ANY SHAPE DUCT 

I'hr fH|ui\ tilcn. dianictcr ilf)) for a duct is also (icfincd .is the hvdraulii' duii 
iliainctiT (III),'- riu- hydraulic radius (Rf[) for a duct iranspoai; . Ouids is dt-lincd 
a^ the cioss scctional :\vvd ol that part ol tht clianiicl is {ilU-d with tluid 

divided hv the length ol the wetted peiimeter. 

A stink gas will coniph'telv fill a duct and the eiuiie du( t peiimeti'i will l)e 
wetted, (ionsidei ini; this situation lot a (intilai duct we tind 
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'(Eq.C-41) 




4d 



I his illustrates that the hydraulic radius ot a circular duct is one-fourth the duel 
diameter. The equivalent or hydraulic diameter for a noncircular pipe is 4 times 
the hydraulic radius 



(Eq.C-42) 



The equivalent diameter for the rectangular duct illustrated would be: 
(Eq.C-48) 



W 



LxW 
2L^2W 



= 2 



LxW 
W 



which is the equation given in the Federal Register; this equation can be used for 
deierniiiiing the equivalent diameter of any duct. Method I guidelines can then be 
applied. 



DERIVATION OF THE EQUATIONS FOR 
MEASURING WATER VAPOR 



Nomenclature 



n 



w 



cs - 

c" - 
M, 



^ W 



in 



• prt)p()Mi()ii l)y volunu^ of water vapor in a duci-gas at ihv sampling-point. 

proportion by volunir of water vapoi in a gas-mixture tor saturated condi- 
tions. ^ 

water va[)nr pressure^ m a gas-mixture [)assing a wet and dry-bulb ther 
rnomt^t(M ,«ssembly. 

wat(»r va[)or prt^ssurt* in a gas-mixture at the sampling point. 

waa»r va[)()i [)iessur(^ m a gas-mixture f*:)r saturaK^d coiiditions ami dry bulb 

f<*mperature at the sam[)Hng'p()int . 

wat(M va[)or [)ressure }<)r saturated conditions and meter tempcMature. 
water vapor pressurt^ at saturated conditions and wet bulb temperature, 
molecular weight of wat(M (mass [)er moU^) 
mass of wat(M (.olU^cttul in tlu* (ondenser. 

absoiut(^ pi(\ssure at the wtu and drv bulb lempeiaiuir assemblv. 
cd)solut(* pr(*ssine of a (iuct gas at tlie sampling |){)nH. 



c: ii; 



Pni= absoluic pressure at the meter, 
Pmix pressure of a gas mixture. 

universal gas constant. 
Tin= absolute temperature at the meter. 
^dry(^C)'=d^y bulb temperature in °C. 
Mry(^F)== dry bulb temperature in °F. 
Wt(°C)'=d^y'bulb temperature in X' 
^wet(^K) " wp^ bulb temperature in °F. 

V„^== volume of gas passed through the meter at meter conditions. 

^volume of water vapor that condensed at the condenser referred to meter 
conditions. 

^ws = volume of vvater vapor extracted from the duct referred to meter conditions. 

.Vwm volume of water vapor passed through the meter referred to meter condi- 
tions. 

<t>o- relative humidity of the duct gas. 

Water Vapor Pressure and Proportion of Water Vapor 
by Volume in a Gas-Mixture 

Saturated Conditions 

Water vapor pressure 

Water vapor pressures for saturated conditions are given in Figure C-2. 
Proportion of water vapor 

The proportion (by volume) of water vapor in a gas mixture for saturated condi- 
tions given by 

(Eq.C-44) B{o= (1) 

Non-Saturated Conditions 

Wet' and dry bulb method 

a. Pr(){)ortion of water vapor in a duct gas. 

It it is expected that the proportion by volume of water vapor in a duct-gas will be 
less than 15%. or that the dewpoint is less than 126 the wet- and dry-bulb 
temperature method may be used to determine vvater vapor pressure. Care must be 
takeMi tiiat the flow past the wet bulb is 12 to 30 feet per second, and that 
temperature has reached equilibrium. It is essential that the dry-bulb, as well as 
the wet bull). l)e completely innnersed in the gas, and that the cloth wick around 
the wet bulb b(^ clean, saiuiated with water, and tied tightly at all times. For the 
mo.^t accurate results, the two thermometers siiould be similar. 
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Wet Bulb 
Temp. 





0 


1 


2 


n 


4 


S 


6 


1 


8 


9 




.0126 


.0119 


.0112 


.0106 


.0100 


.0095 


.0089 


.0084 


.0080 


.0075 


10 


.0222 


.0209 


.0199 


.0187 


0176 


.0168 


.0158 


.0150 


.0142 


.0134 




.0H76 


.0359 


.0339 


.0324 


.0306 


.0289 


.0275 


.0250 


.0247 


.0233 


0 




.0398 


.0417 


.0463 


.0441 


.0489 


.0517 


.0541 


.0571 


.0598 


10 


.06.S1 


.0660 


.0696 


.0728 


.0768 


.0810 


.0846 


.0892 


.0932 


.0982 


20 


.io2r) 


.1080 


.1127 


.1186 


.1248 , 


.1.302 


.1370 


.1429 


. 1 502 


.1567 


HO 


Hi4: 


.1716 


.1803 


.1878 


.1955 


.2035 


.2118 


.2203 


.2292 


.2382 


40 


.2478 


.2576 


.2677 


.2782 


.2891 


.3004 


.3120 


.3240 


.3364 


.3493 


r)0 


.31)26 


.3764 


.3906 


.4052 


.4203 


.4359 


.4520 


.4586 


.4858 


.5035 


60 


.5218 


.5407 


.5601 


.5802 


.6009 


.6222 


.6442 


.6669 


.6903 


.7144 


70 


7392 


.7648 


.7912 


.8183 


.8462 


.8750 


.9046 


.9352 


.9666 


.9989 


80 


1.0S2 


1 0G6 


1.102 


1.138 


1.175 


1.213 


1.253 


1.293 


1.335 


1.378 


90 


1 422 


1.467 


1.513 


1.561 


1.610 


1.660 


1.712 


1.765 


1.819 


1.875 


100 


1.932 


1 991 


2.052 


2.1 14 


2.178 


2.243 


2.310 


2.379 


2.449 


2.521 


110 


2.r)96 


2.672 


2 749 


2.829 


2.91 1 


2.995 


3.081 


3.169 


3.259 


3.351 


120 


S.446 


3.543 


3 6*2 


3.744 


3.848 


3.954 


4.063 


4 174 


4.289 


4.406 


ISO 


4.fVJ.^ 


4.647 


4.772 


4.900 


5.031 


5.165 


5.302 


5.442 


5.585 


5.732 


140 


5.881 


6 034 


ti.l90 


6.330 


6.513 


6.680 


6.850 


7.024 


7.202 


7.1.84 


ir)0 


7.569 ' 


7.759 


7.952 


8.150 


8.351 


8.557 


8.767 


. 8.981 


9.200 


9.424 


IhO 


9.652 


9.885 


10.12 


10.36 


10.61 


10.86 


11.12 


11.38 


11.65 


11.92 


170 


12.20 


12 4S 


12.77 


13.07 


13.37 


13.67 


13.98 


14.30 


14.62 


14.96 


180 


1 f) 29 


15.63 


15.98 


16.34 


16.70 


17.07 


17.44 


17.82 


18.21 


18.61 


nn) 


10 01 


19.42 


19 84 


20.27 


20.70 


21.14 


21.50 


22.05 


22.52 


22.99 


*J00 


2:^.47 


23 96 


24.46 


24.97 


25.48 


26.00 


26.53 


27.07 


27.62 


28.18 


1*10 


28.75 


29.33 


29.92 


30.52 


31.13 


31 .75 


32.38 


33.02 


33.67 


34.33 


*JL'0 


35.00 


35.68 


36.37 


37.07 


37.78 


38.50 


39.24 


39.99 


40.75 


41.52 




42 31 


43.11 


43.92 


44.74 


45.57 


46.41 


47.37 


48.14 


49.03 


49.93 


*J40 


50 84 


51.76 


52.70 


53. Oj 


54.62 


55.60 


56.60 


57.61 


58.63 


59.67 




60.72 


61 79 


62.88 


63.98 


65.10 


66.23 


67.38 


68.54 


69.72 


70.92 


L*hO 


7*2 13 


74 36 


74.61 


"5.88 


77.17 


78.46 


79.78 


81.1 1 


82.46 


83.83 


'J 70 


22 


86 6.S 


88.0b 


89.51 


90.97 


92.45 


93.96 


95.49 


97.03 


98.61 




100 2 


101 8 


103 4 


105.0 


106.7 


108.4 


110.1 


111.8 


1 13.6 


1 15.4 




117 2 


119 0 


120.8 


122 7 


124.6 


126.5 


128.4 


130.4 


132.4 


134.4 


m) 


13b \ 


138 5 


140. (> 


142 7 


144.8 


147 0 


149.2 


151.4 


153.6 


155.9 




1 58 2 


IbO 5 


lb2.8 ' 


165.2 


167.6 


170.0 


172.5 


175.0 


177.5 


180.0 


VJO 


182 b 


185.2 


18/ 8 


190.4 


193 1 


195.8 


198.5 


201.3 


204.1 


206.9 




2I)M S 


212.7 


215. b 


2lS.b 


221 .6 


224.6 


227.7 


230.8 


233.9 


237. 1 


uo 


240 


243.5 


246.8 


250. 1 


253.4 


256.7 


260. 1 


263.6 


267.1 


270.6 


r.o 


274 1 


277.7 


281 3 


284.9 


288 6 


292 3 


296. I 


299.9 


303 8 


307.7 


ShO 


S I i h 




3 1 9 5 


323.5 


327 6 


331 .7 


335 9 


340.1 


344.4 


348.7 


^70 


35S 0 


357 4 


3b 1 8 


3hb.2 


370.7 


375.2 


379.8 


384.4 


389.1 


393.8 


^HO 




403 4 


408.2 


n:M 


118.1 


423 1 


428 1 


433! 


438.2 


443.4 


V)i) 


\ \X h 


r)3 


'^5!).2 


1b4 b 


470.0 


475 ■) 


481.0 


486.2 


492.2 


497.9 


UHl 




■An) 3 


51:. 1 


521 0 


52b w 


532.!i 


538.9 


545.0 


551.1 


557.3 



Fiji^un' C'-L'. Vaixjr pr<.'s,suit's of water ai saturation (inc hes of Mercury) 
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The water vapor pressure existing in the gas-mixture passing the assembly may 
be determined from equations below, 

2800 - I .Stj^gtfofj 



(£q.C-45) «a 



(The Carrier Equation) 

If there is no leakage of gas. or condensation, Upstream from the thermometer 
assembly the proportion (by volume) of water vapor in the duct at the^sampling- 
point and in the assembly are equal. Therefore; 



(Eq.C-46) B^,= !^ 

Pa 



b. To determine the water vapor pressure in a duct gas for saturated conditions, 



^5 




substitute — for B^^ 



(Eq.C-47) 
Gindenser Method 

a. Proportion of water vapor in a duct-gas. 

When the water vapor content of the duct-gas is expected to be above 15%, the 
condenser method may be used. Care must be taken that no water vapor is con- 
densed before the condenser. A filter is necessary to ensure that no particulate mat- 
ter will foul the condenser, meter, or pump. 

The gas leaving the condenser is saturated with water vapor, and if conditions are 
maintained so that the gas remains saturated as it passes through the meter, equa* 
tion C-44 is applicable. The volume of water vapor that passed through the meter, 
referred to meter temperature and pressure, is: 



(Eq.C-i8) V 



wm 



r f 
ejn 



The total volume of water va{)or in the sample extracted from the duct at the 
saniplin^i; point, referred to meter temperature and pressure, is 



CM-, 



\ 



The proportion hy volume of water existing in the duct at the sampling point is 
(Eq.C-50) ^ws^ 



ws 



Substituting lor (see Equation C-49): 



<Eq.C-51) B^,= ^wc+^jytn 



Water vapor pressure in a duct-gas. Having calculated B^^,^ from equation C-51, 
water vapor pressure existing in the duct at the sampling point may be determined 

(Eq. C.52) =B^^P^ 



DERIVATION OF RELATIVE HUMIDITY OF A DUCT-GAS 

Definition 

Relative humidity of the duct -gas at a sampling point is defined as: 



(Eq. C-53) <t>s= — 
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DETERMINATION OF RELATIVE HUMIDITY 



Use of equations and table . 

may be deiermined by measurement using the condenser method, or ihe wet- 
and dry- bulb temperature technique; e'^ may be found from saturation tables 
(iKigure C-2). Equation C-57 may then be applied. 

Use of a psychrometric chart 

Psychrometric charts similar to Figures C-4 and C-5 may be used to determine 
relative humidity. Directions are shown in Figure C-3. Care should be laken that 
the pressure of the duct-gas is not so different from that for which the chart is 
designed to introduce significant error. 




Figure C-3. Determination of relative humidity by using a psychrometric chart, 
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Grains water vapor per one pound dry air 
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DETERMINATION OF PROPORTION OF WATER VAPOR 



Since Bj^^ - — ihe proportion (by volume) of water vapor in the duct-gas may be 
{ouncl by substituting <t>s(^s ) for (sec Equation C-5/) 

(Eq. C-54) = 



where 0v ^ waiter vapor pressure in the duct-gas at the sampling point. 

- water vapor pressure in the duct gas for saturated conditions 
and dry-bulb temperature at the sampling point, 
p = absolute pressure of the duct-gas at the sampling point. 



DEW-POINT 

Definition 

The temperature at which a mixture of gases can exist saturated with vapor is 
called the dew-point. Below the dew-point, condensations of water vapor occurs. 

Determination of Dew-Point 
1. Using saturation tables. 
• The dew-point may be determined by use of water vapor pressure tables for 
saturation conditions as shown in Figure C-2. Knowing the existing water 
vapor pressure, the temperature at which the value exists can be mterpolated 
from the table. 



6 = 100% 




DEW POINT J( )t ^dry 



Figure Deternnnation of Dcw-Point by Use of a Psychromctric Chart. 



Water vapor percent by volume 
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Figure <:-8. Mii^h-iemiK raturi* psvc hronu tric chart for air-water vapi)r mixtures 

:u 1 atm (29.921 in. Hi;.). 
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2. Using a psychrometric chart. 

The dew-point may be determined from a psychrometric chart similar to 
Figures C-4 and C-5. Directions are shown in Figure C-6. Care should be 
taken that the pressure of the gas mixture is not so different from that for 
which the chart is designed that significant error will be introduced. 



DERIVATION OF THE EQUATION FOR MOLECULAR WEIGHT 

OF STACK GAS 

Introduction 

• Calculatio s involved in source sampling require knowledge of the molecular 
weight of a stack gas. 

• Stack gas is almost always a mixture of gases. 

• The apparent molecular weight of the gas mixture is a function of the com- 
position of the mixture. 

• Stack gas containing significant quantities of gaseous effluents other than ox- 
ygen, nitrogen, carbon dioxide, arid water vapor should be analyzed chemical- 
ly for composition and apparen> molecular weight determined from this data. 

/ 

Calculation of Apparent Molecular Weight of Gas Mixture 
This derivation assumes the major components of the gases from a hydrocarbon 
.. combustion source to be oxygen, nitrogen, carbon dioxide, water vapor, and car- 
bon monoxide. 

The Ideal Gas Laws 

1. Boyle's Law states that at constant temperature the volume of a given mass 
of a perfect gas of a given composition varies inversely with the absolute 
pressure. 

2. Charles' Law states that at constant volume the absolute pressure of a given 
mass of a perfect gas of a given composition varies directly as the absolute 
tcmperatu e. 

3. Combining these Relationships into an equation, it may be stated 

(Eq. C-55) pv= '^^ 

m 

where P ^ absolute pressure 

r = absolute temperature 
V - volume of a gas 

M= molecular weight of a gas (mass/mole) 
m - massLof the gas 
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4 Equation C fif) satisfies Dalton's Law of partial pressures when 



X " mixture - 



= partial pressure of a gas component in a mixture of 
nonreaa mg gases. 

^ mixture " volume of the gas mixture 

= mass oj a gas component 
R ~ universal gas constant (in appropriate units) 
^mixture - absolute temperature of the gas mixture 
Mx = molecular weight (mass /mole) of a gas component 

Px^m'x..,rc 

Note — — - - IS constant only if remains constant. 

^m::t.i,{'' Mx 



Proportion by volume of a component in a gas mixture 
I. Equation C-55 states that for a gas mixture 



(Vr, r (;7\ n T/ ^mix^T^mix 
(tq. C-57) P^-^ V^-^ = 



' mix 



2. Applying tnis relationship in equation C 56 and removing the common term 



mii 



V 

* mix 



It ma\ be seen that the partial pressure of a given gas component is directly 
related to the mole fraction oi" that component in the gas mixture 



^x 



(Eq. C-58) 



^mix ^mix 



^mix 



3. At constant temperature and pressure equation C of) may be written 

(Eq. C-59) — = 

M RT 



4. Rt*arianging Kquations C-!j6 and C^7 as Equation C-r>9 and substituting in 
Equation C-62 



(Eq. C-60) 



yx 



5. l-etting the proportion by volume (BjJ equal . Equation C-60 may 

now be expressed ^m/x 



(Eq. C-61) Bx = 



Px 



6. Equation C-61 gives the proportion by volume of a gas component as a Tunc 
tion of partial pressure, which (from Dalton s Law) is directly related to the 
mole fraction. 

The apparent molecular weight of a gas mixture may now be derived using the 
relationship of partial pressure to mole fraction. 

1. Rewriting Equation C-56 

(Eq. C-62) M^P^ V^i^ = rn^RTmix 

2. Dalton\s Law tells us that Equation C-62 is actually 
(Eq. C-63) Vrrux^P^M^ ^ RT^^^Lrn^ 

3. - ^^imix '"^^^ from Equation C-56 

iVr. r aA\ ^mix^mix^mix 
(Lq. C-64) rn^,^=^ ~- 

^ ^ mix 

4. Substituting for l^m^ and solving for Mytiix Equation C-64 becomes 
(Eq. C--65) Mynix 



P 

^ mix 



Px 

:) Since -- /i^, Equation (^-6:) c an bo 

^mix 

(Eq. C-66) ^^mix = -^x^x 



Stack Gas Analysis Using Orsai Aiialy/er. 

1. Orsat operates at constant proportion by volume of H2O vapor 

2. Y!«?l(l volume data on dry basis (volume related to mole fraction and partial 
pressure) 

S. Apparent molecular weight must include H2O vapor component of stack gas 

4. Stack gas moisture content may be obtained as described in moisture content 
section 

5. Actual apparent molecular weight may be calculated by 

l^B^Mx^ sum of dry mole fractions ^ 

» 

^ws ^ proportion by volume of H2O m stack gas 
^H20~ molecular weight of H2O 
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APPENDIX D. CONCENTRATION CORRECTION EQUATIONS 
Introduction 

Alter a value for ilie toiicentration ol a pollutant in a flue gas stream is obtained 
by a reference method test, it is often necessary to correct the value to some stan 
d .rd set of conditions, which is done to compare the data from one source to that 
of another. Different stack temperatures and different amounts of excess air would 
make a comparison of the actual concentrations almost meaningless. Therefore, 
terms such as SCFM for ''Standard Cubic Feet per Minute^* instead of ACFM (''Ac- 
tual Cubic Feet per Minute^^) and (corr. 50% EA) instead of Cg are generally 
used when reporting data. Note that in reporting data in units of the standard. E 
(lbs./ 10^^ Btu heat input), the pollutant concentration is expressed as pounds per 
dry standard cubic foot and an excess air correction is included in the F factor 
equation (Chapter 7). In this section, derivations for correcting a concentration to 
standard conditions. 50% excess air. 12% CO2. and 6% Og will be given. 



Concentration Corrected to Standard Conditions 

A concentration is expressed as weight per volume or lb. /ft. 3. 

(Eq.D-1) c,=. m 

V 

1 he volume of gas passing through the nozzle will be at stack pressure and 
temperature. After going through the Method 5 train and meter, that temperature 
and pressure will change. A reference or standard set of conditions must be used, 
therefore, to make the data meaningful. The ideal gas law is used in these con- 
siderations (see Chapter 2). 

Therefore, since 

(Eq.D-2) PV -nRT 

and ^^"'d = '1^4 
^ ^stack conditions Pstd 

ilu' sanu' nuiiiht-r of nioU's of gas. ihc vtjluttu" ihai thai immbor would occupy -s^ 
ai .siaiulard coinlitiotis would bo as follows 

dividing. 



(I.q.I)-H) 



Jjtd_ T,id Ps 



corr 



I) 
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or V - V . 



'^s Pstd 



and (at standard conditions) =■■ — - — = — ^^^^ 

^corr '^std 



corr ^ 



^5 ^std 



EPA has defined 7^^^ 4G0 + 68°F and P^^^ = 29.92 inches Hg (42 FR 41754. 
August 18, 197T). 

To report a concentration on a dry basis, the volume must be expressed as if all 
of the water ^ad been removed. The value of must be kr.own in this case. 



^^^'^^-^) ^dry-^wet-^wet^ws 

^dry= ^wet(^ ~ ^ws) 
or. Cj 



c 



(dry) Vdry Vwet (i - ^ws) 

^^(wet) 
(1 - Bujs) 



' (dry) 



Combining these two corrections, 



(Eq.D-5) (corrected to lbs./ DSCF) 



Excess Air 



Sv\v\ 'd\ tyf)es of concrntration iorrections have been devis(»d based on the combus- 
tion c harac teristics of fossil fuels. Kxcess air is defined as that percentage of air 
added in t^xcess of that required to jusi combust a given amount of fuel Normally, 
to ac^hieve (effic ient fuel combustion, more air is needed than the stoichiometric 
amount, i.e.. one carbon atom to two oxygen molecules. (Details of these combus- 
tion conditions are givtM) in AF I'I course #427.) 



? So 



l)-2 




Depending on the amount of excess air. different concentrations of CO2 and 
oxygen in the stack gas wili result, as shown in Figure 1) 1. 




» 10 in K) t,n on td hu 4o imi 



Percent excess air 



Figure D-1. Concentrations of CO2 and O2 in stack by amount of excess air. 

Since the concentration of the pollutants produced in the source could be 
reduced by adding more excess air, (i.e.. if Cs = m/V, if V is increased with ni con- 
stant, would decrease), it has been found necessary in some cases to correct to a 
given excess air condition. A value of 50% excess air has been chosen as a 
reference condition since at one time many boilers operated at this condition. Note 
also that if such a correction is made, that it will account for dilution caused by air 
leaking in at the preheater or other duct work. 

1 he expression for % excess air» as given in EPA Method 3. is 

%O2-0.5% CO 

(Eq.D-6) %EA^ 100 

^ 0.264% N2-(%O2^-0.b7o CO) 

To derive this expression, gas volumes associated with the combustion of the fuel 
must he considered. 



(Eq.D-7) 



St OK hio metric volume 
of an required to 
((tnsunie an arnount o/ 
fuel 



^ Theoretical - ^ Total 



total volumt' 
of air used 



\ 

volume 0/ an 
in CXI fSi i>l 

' I heorrlual 
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Siiut* air is composed of 79% <*nd 21% O2, il there was complete 
stoichiometric combustion, all of the ^xygen would be comiumed and 



(Eq.D-8) ^^,2 = 0.79 Vneorelical 



^ Theoretical '^^ 



0.79 



Remember, however, that when excess air is added, the oxygen contained in th 
volume will not react since there will be no carbon left to consume it. 



or 



(Eq,D-9) (remaining) Vea 

The problem of incomplete combustion must also be considered in this calcula- 
tion. Carbon monoxide is produced if burning conditions are not adequate. 

^r-^ CO + Vz O2 

The amount of oxygen remaining in the flue gas must then be corrected for in- 
complete combustion since for each two molecules of CO produced, one molecule 
of oxygen will result, 

(Eq.D^JlO) 0.5 VqO" ^ O2 U^^omplete combustion) 

Equation D-8 must be modified so ^.hat 

(Eq,D-ll) VQ2(remaining)^Q.2\ I^£^+0.5 VcQ 

(Looking at this another way. V2 of an oxygen molecule is released for each CO 
molecule and would contribute to (remaining).) Therefore, from Equation 

D 11 

^^02-0-^ ^CO 

(Eq.l>-12) Ve^ - 

Suhsiituling Kquations D-8 and D-12 into Equation I)- 7. we have 
(tq-I>-13) yrhi'oretu-ai ^'V ^' EA 

' rhvorelicni q ' () ^! 1 



I) } 



Percent excess air is r'efined as that percent of air in excess of that needed for 
complete combustion, or 

(Eq.D-H) %EA^ x 100 

Theoretical 



Therefore: 



(Eq.D-15) %EA — x 100 

0.79 0.21 



%EA = — X 100 

0.266 ^^^2- ^02 + 0.5 Vco 

divide numerator and denominator by 



%EA=-- ^ xlOO 



0.266 Vs2/VT-Vo2^Vr^^-^ Vcq/Vj 



° 0.266 % % 02 + 0.5 % CO 



Concentration Corrected to 50% Excess Air 

To correct a pollutant concentration to 50% Excess Air 

(Eq.D..6) ''EAt^V X 100 = 50% EA 

^Theoretical 

where AT is the volume that would have to be added or subtracted to give 50% 
EA. 

Ay= F£^+0.5 Vrheor 

and 

^'EA ^'t= at 
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where F^^ is the proportion of Vf that would have to be changed to give 50% 
EA. 

Vrheor+^EA 



15 VTheor 



^Theor + ^EA 
divide numerator and denominator by Vxheor g've 

(Eq.D-17) Ffj = i:^ = 

1 + VeA 100+% EA 

^Theor 

Therefore, since 

m 




c'5 (corrected 50% EA) = 



m m 



Vt FeA / 150 



,100+ %EA, 

(Eq.D-18) (corr)=Cs [^~^) 

It should be noted rhat there is a method of calculating C5 corrected to 50% EA 
without first calculating % EA. 
Starting from 

(Eq.D-19) Fz;^ = ^IZl^ , _ (^EA-O.^VtfO 



^Vea-Q-o (Vt- VeaP 



I - 



1.5F£^ -0.5^7"' 



D-6 

is, 



from Equations D-8 and D-12, we have 



and 

(Eq.D-20) 



1.5%02--Q.75%CQ-0.133% N2 
0^21 



Cs(corr) = 



m 



VjFea 



1 - 



1.5% 02-0.75% CO-0.133% N2 

21 



It should be noted that equations D-18 and D-19 are not equivalent and cannot 
be made equivalent. They do, however, give the same answers using values 
characteristic of combustion sources. Note that Equation D-14 for %EA becomes 
discontinuous as the flue gas approaches a composition corresponding to that of air 
(neglecting CO). Equation D-18 al.so becomes discontinuous under certain condi- 
tions (e.g.. %02 = 7.7%, %A^2 = 79,% CO = 0). 



Correcting Concentration to 12% CO2 

The derivations for correcting a concentration to 12% CO2 or 6% O2 are 
similar to that for the 50% Excess Air Correction. For a correction to 12% CO2 in 
the flue gas. 



yco2 

(£q-D-2i) vt±Iv ~ ^-^^^ 



or ^C02 ^T'^^T- 

where W = amount of air added or subtracted to give 12% CO2 and /'"cO? ^^^^^ 
fraction by which ^actual would have to be reduced or increased to do this. 

Suhstiluting, 

VCO2 

(Eq.D-22) = 0.12 

PCO2 
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I 



Ulul 

(tq.D.23) ^ I'co2 = 

Correcting Concentration to 6% O2 ^' 

Instead of correcting a concentration to 12% O2, a correction may be made using 
just the oxygen concentration. The oxygen correction is somewhat more com- 
plicated than that for CO2 since dilution aii'will contain oxygen. 
The derivation begins with 



(Eq.D-24) ^£l±£ILA}L = 0 06 

where V is the amount of air added or subtracted to give 6% O2 in the corrected 
volume. Note that ihe term dh0.21 AV is due 10 the oxygen contained in air. 
being the fractional amount, V-j^ must be changed, 

(Eq.D-25) ^ Fo2yT=yT-^y 

and substituting into Equation D-22 

Vo^ + 0.21 Vj.~0.21 Vj±0.21 AV 



Vr+AV 



= .06 



K,, -0.21 Vr^0.2\ Fo, Vj 

= .06 

Fo, v.. 



^-0,-0.21^-^ = 0. 15 Fy^ V,. 



and 



7.5 




D 8 



8., 



and similaiiy to the previous dt'rivaiions 
(Eq.D-27) 



15 Cs 



2 21-% O2 



Notr tiiat if a correction to 3% O2 was needed 
(Eq.D.28) 



18 cs 



21-% O2 



\ 

\ 



\ 

\ 
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APPENDIX E. INTERNATIONAL METRIC SYSTEM 
Systeme International d'Unites (SI Units) 



Base Units of the Iniernaiional Metric System (SI) 

Name of the Uni( 



Quantity 

Length 

Mass 

Time 

Temperature 
Electric current ^ 
Luminous intensity 
Amount of substance 



meter 
kilogram 

second 

kelvin 
ampere 
candela 

mole 



Symbol 
m 

kg 



K 
A 

cd 
mol 



Recommended Decimal Multiples and Submultiples and the Corresponding 
Prefixes and Names 



Factor 


Prefix 


Symbol 


1012 


tera 


T 


109 




G 


106 


mega 


M 


103 


kilcr 


k 


102 


hecto 


h 


10 


deca 


da 


10-1 


deci 


d 


10-2 


centi 


c 


10-3 


milli 


m 


10-6 


micro 


/* 


10-9 


nano 


n 


10-12 


pico 


P 


10-15 


femto 


f 


10-18 


atto 


a 



Meaning 

One trillion times 
One billion times 
One million times 
One thousand times 
One hundred times 
Ten times 
One tenth of 
One hundredth of 
One thousandth of 
One millionth of 
One billionth of 
One trillionth of 
One quadrillionth of 
One quintillionth of 
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Some Derived Units of the International Metric System (SI) 



Quantity 


Name of the unit 


Symbol 


Equivalence 

* 




hertz 


til 


1 Hz ~ 1 s * 


Force 


newton 


N 


1 N 1 kg-m/s 


Pressure , 


pascal 


Pa 


1 Pa= 1 N/m 




joule 


J 


I J = 1 N-m 


Power ^ 


wait 


W 


1 W=l J/s 


Quantity of electricity 


coulomb 


C 


1 C = 1 A-s 


Electrical potential or 








electromotive force 


volt 


V 


1 V = 1 W/A 


Electric resistance 


ohm 


fi 


10=1 V/A 


Electric conductance 


Siemens 


S 


1 S=A/V 


Electric capacitance 


farad 


F 


1 F= 1 C/V 


Magnetic flux 


weber 


Wb 


1 Wb = l V-s 


Magnetic flux density 


tesia 


T 


1 T = 1 Wb/m 


Inductance 


henry 


H 


1 H = 1 Wb/A 


Luminous flux 


lumen 


(tn 


1 ftn = 1 cd-sr 


Illumination 


lux 




1 &= 1 6c/m 



Some Suggested SI Units for Air Pollution Control 

Volume flow: Liters per second (1/s) 
Velocity (gas flow): Meiers per second (m/s) 
Air to cloth ratio: Millimeters per second (mm/s) 
Pressure: Kii6pascals (kPa) 
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CAPPENDIX F. CONV£RSION TABLES 
Conversion Between Different Units 

Listed below are quantities of the |;nglish and engineering systems of units that 
eommonly found in the literature on air pollution. Our intention is to present 
them so that their equivalent in the MKS system of units ran be found quickly. 
Q,uantities that are listed in each horizontal line are equivalent. The quantity in 
the middle colun>n indicates the simplest definition or a useful equivalent of the 
respective quantity in the first column. 



1 acre 

1 Angshuni (A) 

1 atmosphere (atm) 

1 bar (b) 

1 barrel (bbl) 

1 boiler horsepower 

1 British Thermal Unit 

(Btu) 

1 Btu/hour 

1 calorie (cal) 

1 centimeter of mercury 

(cm Hg) 
1 cubic foot. U.S.A. (cu ft) 
1 dyne (dyn) 
1 erg 

1 foot. U.S.A. (ft) 

1 foot per minute (ft/min) 

1 gallon. U.S.A. (gal) 



1/640 nu^ 
10-8 cm 

1.013 X 106 dyn/cm^ 
106 dyn/cm2 

42 gal. U.S.A. 

3.35 X 104 Utu/hour 

252 cal 

1.93 X 10^ erg/sec 
4.184 X 10-7 erg 
1.333 X 104 dyn/cm^ 

2.832 X 104 cm3 
1 gem/sec'^ 
I g-cm^/scc^ 
30.48 cm 

1.829 X \Q '^ km/hr 
3.785 X 103 cm^ 



4.047 X 10^ m^^ 
10-10 m 

1.013 X 105 N/m2 
105 N/m2 
0.159 mS 
9.810 X 103 W 

1.054 X 103 J 
0.293 W 
4.184J 

1.333 X 10^ N/m2 

2.832 X 10-2 m3 

10-5 N 

10-7j 

0.3048 m 

5.080 X 10-3 m/sec 
3.785 X 10-3 m3 
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Convertion Factors 

* h 

Capacity. EnerKv. Kira-. Heat 



Multiply By To Obtain 

"t" 0,252 Kilogiam-talorics 

«.4H X 10 -■ 't Watt secoiuis (joules) 

:i.927xlO 't Horsepower- hours 

Btu/min 2.928 x Kilowatt hourj) 

().()23r)6 Horsepower 

Btu/min 0,01757 Kilowatts 

10-^ Pound/hour steam 



Horsepower (boiler) 
Horsepower (boiler) 
Horsepower • hours 
Kilowatts 
Kilowatts 
Kilowatt hours 
Kilowatt-hours 
Megawatts 
Pound/hr steam 

Heat Transfer Coefficient 
Multiply 

Btu/(hr)(ft2)(°F) 



3:i.479 
9.«0a 
0.7457 
56.92 
1.341 
:M15 
1.341 
1360 
0.454 



By 

0.001355 
1.929 X 10^ 
0.0005669 



Btu/hour 

Kilowatts 

Kilowatt -hours 

Btu/minute 

Horsepower 

Btu 

Horsepower- hours 
Kilogram/hour steam 
Kilogram/hour 



To Obtain 

Cal/(sec)(cm2)(oC) 
Btu/(see)(in2)( op) 
Watts/(cm2)( °C) 
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F-2 



Multiply 

Cubic fm/iniuutf 
Cubic feei/smmd 
Cubic feet /second 
Cubic meier/second 
Cubic meter/second 

Callons/ycar 
Gallons/minute 

Liters/minute 
Liters/minute 

Million gallons/day 
Million gallons/day 
Million gallons/day 



By 

0.1247 
().fi4«S17 
448.831 
22.8 
8.32 X 109 

10.37X 10-6 
2.228 X 10-3 

5.886 X 10-4 
4.403 X 10-3 

1.54723 
0.044 
695 



Pounds of waier/minute 2.679x 10-4 
Length, Area, Volume 



To Obtain 

Galluus/.socond 
Million gallons/day 
Gallons/minute 
Million gallons/day 
Gallons/year 

Cubic meters/day 
Cubic feet /second 

Cubic feet /second 
C a Hons/second 

Cubic feet/second 
Cubic meters/second 
Gallons/minute 

Cubic feet second 



o 
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Multiply 


By 


To Obtain 


^cres 


43.560 


Square feet 


Acres 


4047 


Square meters 


Acre/v 


1.562X 10-3 


Square miles 


Barrels-oil 


0.156 


Cubic meters 


Barrels-oil 


42 


Gallons-oil 


Cen I i meters 


0.3937 


Inches 


Cubic feet 


2.832 X 104 


Cubic centimeters 


Cubic feet 


1728 


Cubic inches 


Cubic feet 


0.02832 


Cubic meters 


CuLMc feet 


0.03704 


Cubic yards 


Cubic feet 


7.48052 


Gallons 


Cubic feet 


28.2 


L'ters 


Cubic meters 


35.31 


Cubic feet 


Cubic meters 


26i.2 


Gallons 


Feet 


30.48 


Centimeters 


Feet 


0.3048 


Meters 




I9ij 





Length. Area. Volume cont'd 



Multiply 


By 


To Obtain 


Gal Ions 


().BH7 


' Cubic ft'ft 


Galluns 


3.785 X 10 


Cubic nieters 


(iailotiH, impiMial 


1.20095 


U.S. gallons 


Callous water 


8.3453 


Pounds of waiter 


Liters 


0.2642 


Gallons 


Meters 


3.281 


Feet 


Meters 


39.37 


Inches 


Square feet 


2.296 X 10- 


Acres 


Square feet 


0.09290 


Square meters 


Square meters 


2.47i X 10-4 


Acres 


Square meters 


10.76 


Square feet 


Square miles 


640 


Acres 



M ass. Pressure. Temperature, Concentration 



ERIC 



Multiply 


By 


To Obtain 


Atmospheres 


29.92 


Inches of mercury 


Atmospheres 


33.90 


Feet of water 


Atmospheres 


14.70 


Pounds/Square inch 


Feet of water 


0.02947 


Atmospheres 




0.04335 


Pounds/square inch 




62.378 


Pounds/square foot 


Inches of Hg 


0.03342 


Atmospheres 




13.60 


Inches of water 




1.133 


Feet of water 




0.4912 


Pound.s/square inch 




70.727 


Pounds/square foot 




.345.32 


Kilograms/square meter 


Inches ot vvattM- 


0,03609 


Pounds/square inch 




5.1981 


Pounds/square foot 




25. 38 


Kilograms /square meter 
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Ato. I>iv.vsuif . IVmptMaimt'. CtMuvnttation cum'd 

Multiply 

Kilograms square 
ceiuimett?r 

K i logr am.* / stj u a rt> meter 



Kilograms 
Pounds 

Pounds of water 
Pounds of water 

Pounds/square incli 
Pounds/square inch 
Pounds /square inch 
Pounds/square inch 

Temp.(0C)+ 17.78 
Temp.(«f')~32 



Degrees Kelvin = degrees Centigrade +273.16 
Degrees Rankin = degrees Fahrenheit + 459.69 



By 


To Obtain 


0.9f»78 


Atmosuheres 


l|.22 


Pounds/square foot 


0.00142 


Pounds/square inch 


0.20482 


Pounds/square foot 


0.00328 


Feet of water 


0.1 


Grams/cm2 


2.2046 


Pounds 


453.5924 


Grams 


0.01602 


Cubic feet 


0.1198 


Gallons 

f 


0.06804 


Atmospheres 


2.307 


Feet of water 


70.31 


Grams/cm^ 


2.036 


Inches of mercury 


1.8 


Tempera ture(^F) 


0.555 


Temperature( ^C) 



Tons (metric', 

Tons (short) 
Tons (short) 



2205 

0.89287 
0.9975 



Pounds 

Tons (long) 
Tons (metric) 



Thermal Conductivity 
Multiply 

Btu/(hr)(tt^)( °/^/ft) 



By 

0.00413 
12 



To Obtain 

Cai/(sec)(cm2)( °C/cm) 
Iitu/(hr)(ft2)(°i.7in) 
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Viscosity 



Multiply 

Poise 



oisc? 



Stoke 



By 

1.0 
1.0 
100 

0.000672 
0.0000209 
2.42 

1.0 

0.155 
0.001076 

density 
(gm/cm^) 



To Ootatn 

Gm/cin sec 
Dyne scc/cm2 . 
Centi poise 

■Pounds/foot second - 
Pound/second square foot 
Pound/foot hour 

Square centimeter/second 
Squared inch/second 
Squared foot/second 
Poise 



Density 



Multiply 

Grams per cc 



Gram moles of Ideal Gas 
at 0®C and 760mm Hg. 
Pounds per cubic inch 



Pound-moles of Ideal Gas 
at 0°C and 760 mm Hg. 

Grams/liter 
Grams/ liter 
Grams/ liter 

Parts/million 
Parts/million 



By 

62.428 
0.03613 
8.345 



22.4140 
1728 
27.68 



359.05 

58.417 
8.345 
0.062427 

0.0584 
8.345 



To Obtain 

Pounds/cubic feet 
Pounds/cubic inch 
Pounds/ U.S. gallon 

Liters 

Pounds/cubic feet 
Grams/cubic centimeter 



Cubic feet 

Grains/gallons 
Pounds/ 1000 gallom 
Pounds/cubic feet 

Grains/U.S. gallons 
Pounds /mil I ion gallons 
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Conversion lrt>in ppni u» g ni'^ at JiTI* 

^ 1 atm 



(Eq. F-1.) = 



ppm X m ( ^ \ 
\fmole) 



"^^^^^ 22.414 xloS -Mi /293Ji!^\ \x\Q^ppm 
g-mole liter \275Ab°K) 
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APPENDIX G. CONSTANTS AND USEFUL INFORMATION 
Energy Equivilrnccs nf Various Fueli 



Approximatt* Values 
Hiiuiniuous cual 22 x 10<> Biu/ ton 

Anthracite i:oal - 2ti x 10t> IJtu/iun 

Lignite coal - 16-X 10^ - 

Residual oil -147.000 Btu/gal 
Distillate oil 140,000 Btu/gal 
Natural gas 1,000 Biu/ft^ 

I lb of water evaporated from and at 2 12 ^'F equals: 

0.2844 Kilowatt-hours 
0.3814 Horsepower- hours 
970.2 Btu 

1 cubic ft air weighs 34.11 gni. 



Miscellaneous Physical Constants 

Avogadro's Number 6.0228x 1023 



Gas- Law Constant R 



1.987 

1.987 

82.06 

10.731 

0.7302 



Molecules/gm mole 

Cal/(gm mole)( °K) 
Btu/(lb mole)(OR) 
(cm3)(atm)/(gm mole)(°K) 
(ft3)(lb)(in.2)/(lb mole)(°R) 
(ft^)(atm)/(lb mole)(°/i) 



Weight of O2, N2 and Air 







Pounds 


Tons 


SCF Gas 


1 Pound 


Oxygen 










Nitn^gen 


1.0 


0.0005 


12. 08 


1 Ton 


Oxygen 










Nitrogen 


2000.0 


1.0 


24,160 










27,605 


1 SCF Gas 


Oxygen 


0.08281 


0.00004141 






Nitrog?n 


0.07245 


0.00003623 


1.0 



G 1 



Typical Coal Combustion Emiiiioni Dau 



Particulate mass loading, after precipitator 

before precipitator 

Mass loading spatial Variation at duct 
cross section 

Particle size, after precipitator 
before precipitator 

Extreme particle sue range 

Flue gas velocity 

Flue gas temper .ture 

Dew point 

Moisture content of gas 
Static pressure at sample ports 

Turbulent Flow fluctuations 

Traversing distance across duct from port 

Typical Oil Combustion Emissions Data 
Particulate mass loading, uncontrolled 

Mass loading variation with time 

Mass loading variation during soot blowing 

Particle size 

Flue gas temperature range 
Flow conditions 



0,0S-3.0 gm/cu meter 

0.2-12 gm/cu meter 



db50% 

Mass median diameter =5^m 
95% <25/*m (by mass) 

0.01-300 fan 

Average: 15-20 m/scc. 
Range: 10-40 m/sec. 

Typical: 140-165 
Range: 1 30-205 "»C 

Acid: 105-130OC 
Water: <60»C 

5-10% by volume 

Range: 15 cm positive to 

35 cm negative water pressure 

30-12G cycles per minute 

Typical: 2-5 meters 
Range: 1.5-10 meters 



Typical: 0.06 0. 2 gm/cu meter 
Range: 0.015-1.0 gm/cu meter 

As much as 10-fold increase 
over typical 

About 4-fold increase over 
typical 

Typical: 0.01-1. 0/xm 
Range: < 0.01 -40 /xm 

120-165°C 

Similar to those for coal 
combustion 
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